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Abstract
The leading contributions from heavy new physics to Higgs processes can be cap-
tured in a model-independent way by dimension-six operators in an effective Lagrangian
approach. We present a complete analysis of how these contributions affect Higgs cou-
plings. Under certain well-motivated assumptions, we find that 8 CP-even plus 3 CP-odd
Wilson coefficients parametrize the main impact in Higgs physics, as all other coefficients
are constrained by non-Higgs SM measurements. We calculate the most relevant anoma-
lous dimensions for these Wilson coefficients, which describe operator mixing from the
heavy scale down to the electroweak scale. This allows us to find the leading-log correc-
tions to the predictions for the Higgs couplings in specific models, such as the MSSM
or composite Higgs, which we find to be significant in certain cases.
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1 Introduction
The resonance observed at around 125 GeV at the LHC [1] has properties consistent with
the Standard Model Higgs boson. More precise measurements of its couplings will hopefully
provide information on the origin of electroweak symmetry breaking (EWSB) in the Standard
Model (SM). All natural mechanisms proposed for EWSB introduce new physics at some
scale Λ, not far from the TeV scale, that generates deviations in the SM Higgs physics.
From this perspective, a convenient framework for a model-independent analysis for these
deviations is the effective Lagrangian approach that consists in enlarging the SM Lagrangian
by including higher-dimensional operators built of SM fields [2]. These operators are the
low-energy remnants of the heavy new physics integrated out at the scale Λ, which appears
then as the scale suppressing these operators.
In this article we perform a complete study of the impact of the (dominant) dimension-six
operators in the most important Higgs couplings. In particular, we calculate the corrections
to single Higgs couplings, relevant for the main Higgs decays and production mechanisms.
We will show that, for one family, there are 8 CP-even operators that can only affect Higgs
physics and no other SM processes (at tree-level). This corresponds to the number of inde-
pendent dimension-six operators that can be constructed with |H|2, and implies that Higgs
couplings to fermions, photons, gluons, and Zγ (for which large corrections are still possi-
ble) are characterised by independent Wilson coefficients. The rest of operators that could
in principle affect Higgs physics at tree-level also enter in other SM processes and therefore
can be constrained by independent (non-Higgs) experiments. In our paper we will present
the main experimental constraints on these operators, with a full dedicated analysis to be
reported in Ref. [3]. Our article aims to complete part of the analysis of Higgs physics given
in Refs. [4, 5].
Out of the 8 CP-even operators that only affect Higgs physics, 5 of them are ”tree-level”
operators and 3 are ”one-loop”, as we will explain. The 5 tree-level operators affect directly
the Higgs couplings to fermions, the kinetic term of the Higgs and the Higgs self-couplings.
We calculate the anomalous dimensions of these 5 operators, which allow us to describe the
renormalization group (RG) evolution of these Wilson coefficients from the heavy scale Λ,
where they are generated, down to the electroweak-scale.1 We apply these results to find the
leading-log corrections to the predictions for Higgs-couplings in several Beyond the Standard
Model (BSM) scenarios: the Minimal Supersymmetric Standard Model (MSSM), universal
theories (such as composite-Higgs models) and models with a non-standard top. We find
that the corrections from this running can be sizable for Λ ∼ few TeV, and will become
more relevant as we have better measurements of the Higgs couplings. We also calculate
the anomalous dimensions of the operators contributing to the S and T parameters and to
the Zbb¯ couplings. The stringent experimental constraints on these quantities can then be
translated into indirect bounds on Higgs operators.
1For the other 3 one-loop CP-even operators, as well as for the 3 one-loop CP-odd, the calculation of the
main anomalous dimensions has been given in [6, 7].
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The article is organized as follows. In Section 2 we review the classification of operators
into two classes: tree-level and loop-induced operators. We also discuss the related issue
of the election of the basis of effective dimension-six (d = 6) operators. The modifications
of the Higgs couplings as a function of the Wilson coefficients are presented in Section 3.
Some of these Wilson coefficients can only be tested in Higgs physics, while the others are
constrained by LEP and Tevatron. In Section 4 we show how to obtain such constraints. In
Section 5 we calculate the renormalization group equations (RGE) of the Wilson coefficients
most relevant for Higgs physics. In Section 6 we illustrate the impact of such RG effects on
particular scenarios of interest. After this, we present our conclusions while some technical
details are left for the Apendices. Appendix A deals with redundant operators and the field
redefinitions that can be used to remove them from the Lagrangian. Appendix B presents
the results for the one-loop anomalous dimensions of the Wilson coefficients before removing
the redundant operators. Finally, Appendix C discusses the transformation properties of the
d = 6 operators under the custodial SU(2)L ⊗ SU(2)R symmetry, which can be helpful in
understanding some of their properties (e.g., concerning their mixing under RG evolution).
2 Dimension-six operator basis
Let us consider a BSM sector characterized by a new mass-scale Λ much larger than the
electroweak scale MW . We will assume, among other requirements to be specified later, that
this sector preserves lepton and baryon number. By integrating out this sector and performing
an expansion of SM fields and their derivatives Dµ over Λ, we obtain an effective Lagrangian
made of local operators:
Leff = Λ
4
g2∗
L
(
Dµ
Λ
,
gHH
Λ
,
gfL,RfL,R
Λ3/2
,
gFµν
Λ2
)
' L4 + L6 + · · · , (1)
where Ld denotes the term in the expansion made of operators of dimension d. By g∗ we
denote a generic coupling, while gH and gfL,R are respectively accounting for the couplings
of the Higgs-doublet H and SM fermions fL,R to the BSM sector, and g and Fµν represent
respectively the SM gauge couplings and field-strengths.2 The Lagrangian in Eq. (1) is based
on dimensional analysis and the dependence on the couplings is easily obtained when the
Planck constant ~ is put back in place. All couplings introduced in Eq. (1) can be useful as
bookkeeping parameters. In particular, a term in the Lagrangian that contains n fields, will
carry some coupling to the power n − 2 (in this counting, λ, the Higgs quartic-coupling, is
formally of order g2∗).
The dominant effects of the BSM sector are encoded in L6, as L4 leads only to an unphys-
ical redefinition of the SM couplings. There are different bases used in the literature for the
set of independent d = 6 operators in L6. Although physics is independent of the choice of
2 With this we are assuming that the SM gauge symmetry is also realized at energies above Λ and therefore
the couplings of the gauge bosons to the BSM sector are the SM gauge couplings. We can relax this assumption
by replacing g by an arbitrary coupling.
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basis, it is clear that some bases are better suited than others in order to extract the relevant
information e.g. for Higgs physics. A convenient feature to ask of a good basis is that it
captures in few operators the impact of different new-physics scenarios, at least for the most
interesting cases. For example, in universal theories, defined as those BSM scenarios whose
corrections can be encoded in operators made only of SM bosons, the bases used in Refs. [4,8]
are appropriate since the physics effects can be captured by just 14 CP-even d = 6 operators.
Therefore, 14 is the number of independent parameters of the new physics effects and this
number must be the same in all bases. However, the list of operators required to describe this
same physics can contain many more than 14 operators in other bases, as for example in that
of Ref. [9]. It follows that if we use such alternative bases to study universal theories there
will be correlations among operator coefficients, making the analysis more cumbersome.
Another important consideration for the choice of basis is to separate operators whose
coefficients are expected to have different sizes (again, at least in the main theories of interest).
For example, it is convenient to keep separated the operators that can be induced at tree-level
from integrating weakly-coupled states from those that can only be generated at the one-loop
level. This helps in determining the most relevant operators when dealing with a large class of
BSM scenarios such as supersymmetric, composite Higgs or little Higgs models among others.
As shown in Ref. [7], this criterium is also useful when considering one-loop operator mixing,
since one finds that tree-level induced operators often do not contribute to the RGE flow of
one-loop induced ones, independently, of course, of the UV origin of the operators. In this
particular sense, the basis of [7] is better suited than that of [8]. It is obvious that to meet
all the criteria given above we do not need to sacrifice generality (a main goal of this article),
as long as one keeps a complete basis of operators, as we do.
The operators of our basis will be broadly classified in three classes [4, 7]. The first
two classes will consist of operators that could in principle be generated at tree-level when
integrating out heavy states with spin ≤ 1 in renormalizable weakly-interacting theories. As
we show in Appendix A, these operators can be written as products of scalar, fermion or vector
currents of dimension less than 3.3 Among these current-current operators we call operators
of the first class those that involve extra powers of Higgs fields or SM fermions. They will
be proportional to some power of the couplings gH or gfL,R , respectively. The importance of
the operators of the first class is that they can be the most sizeable ones when the theory is
close to the strong-coupling limit, gH , gfL,R ∼ 4pi. Operators of the second class are instead
those that involve extra (covariant) derivatives or gauge-field strengths and, according to
Eq. (1), are generically suppressed by 1/Λ2 times a certain power of gauge couplings. Finally,
in the third class, we will have operators that cannot be generated from a tree-level exchange
of heavy fields and can only be induced, in renormalizable weakly-coupled theories, at the
one-loop level. In this case, we expect these operators to be suppressed by g2∗/(16pi
2Λ2).
3This, together with the fact that field-redefinitions through equations of motion do not mix the two types
of operators, makes the classification well defined and unambiguous.
3
We then classify the d = 6 operators as
L6 =
∑
i1
g2∗
ci1
Λ2
Oi1 +
∑
i2
ci2
Λ2
Oi2 +
∑
i3
κi3
Λ2
Oi3 , (2)
where, for notational convenience, we introduce the one-loop suppressed coefficients
κi3 ≡
g2∗
16pi2
ci3 , (3)
for the third class of operators. In weakly-coupled theories, ci ∼ fi(g/g∗, gH/g∗, ...), where
fi(g/g∗, gH/g∗, ...) are functions that depend on ratios of couplings. We refer to the opera-
tors Oi1 and Oi2 as ”current-current” or ”tree-level” operators, while we call Oi3 ”one-loop”
operators.4
Although our basis follows a classification inspired by renormalizable weakly-coupled theo-
ries, it can also be useful when dealing with strongly-coupled BSM models. For example, if the
Higgs or SM fermions arise as composite mesonic states of a strongly-interacting gauge theory
with no small parameter, our basis can still give the right parametrization by taking g∗ ∼ 4pi.
Also, strongly-coupled models that admit a weakly-coupled holographic description generate
d = 6 operators that follow the above classification. In this case we have g∗ ∼ 4pi/
√
N where
N plays the role of the number of colors of the strong sector.
Let us start defining our basis by considering first operators made of SM bosons only [4].
In the first class of operators, Oi1 , we have
OH = 1
2
(∂µ|H|2)2 , OT = 1
2
(H†
↔
DµH)
2 , Or = |H|2|DµH|2 , O6 = λ|H|6 . (4)
Here we have defined H†
↔
DµH ≡ H†DµH − (DµH)†H, with DµH = ∂µH − igσaW aµH/2 −
ig′BµH/2 (H is taken to have hypercharge YH = 1/2). For O6, which involves six Higgs
fields, an extra factor g2∗ could be present. Nevertheless, we have substituted this by λ, the
Higgs self-coupling defined as V = −m2|H|2 + λ|H|4. This is motivated by the fact that the
lightness of the Higgs suggests that there is a symmetry protecting the Higgs self-coupling to
be of order λ ∼ m2h/(2v2) ∼ 0.13. Examples are supersymmetry or global symmetries as in
composite Higgs models.
In the second class of operators, Oi2 , we have
OW = ig
2
(H†σa
↔
DµH)DνW aµν , OB =
ig′
2
(H†
↔
DµH)∂νBµν ,
O2W = −1
2
(DµW aµν)
2 , O2B = −1
2
(∂µBµν)
2 , O2G = −1
2
(DµGAµν)
2 . (5)
Since the last three operators involve two field strengths, we expect c2W ∼ g2/g2∗, c2B ∼ g′ 2/g2∗,
and c2G ∼ g2s/g2∗.
4 For a classification of operators similar in spirit to ours, see [10].
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In the third class of operators, Oi3 , we have the CP-even operators
OBB = g′2|H|2BµνBµν , OGG = g2s |H|2GAµνGAµν , (6)
OHW = ig(DµH)†σa(DνH)W aµν , OHB = ig′(DµH)†(DνH)Bµν , (7)
O3W = 1
3!
gabcW
a ν
µ W
b
νρW
c ρµ , O3G = 1
3!
gsfABCG
Aν
µ G
B
νρG
C ρµ , (8)
and the CP-odd operators
OBB˜ = g′2|H|2BµνB˜µν , OGG˜ = g2s |H|2GAµνG˜Aµν , (9)
OHW˜ = ig(DµH)†σa(DνH)W˜ aµν , OHB˜ = ig′(DµH)†(DνH)B˜µν , (10)
O3W˜ =
1
3!
gabcW˜
a ν
µ W
b
νρW
c ρµ , O3G˜ =
1
3!
gsfABCG˜
Aν
µ G
B
νρG
C ρµ , (11)
where F˜ µν = µνρσFρσ/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g′gH†σaHW aµνBµν and OWW = g2|H|2W aµνW µν a (and the equivalent
CP-odd ones), but these can be eliminated using the identities 5
OB = OHB + 1
4
OBB + 1
4
OWB , (12)
OW = OHW + 1
4
OWW + 1
4
OWB . (13)
The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coefficients should scale as c3W ∼ g2/g2∗ and c3G ∼ g2s/g2∗ respec-
tively.
Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are
Oyu = yu|H|2Q¯LH˜uR ,
OuR = (iH†
↔
DµH)(u¯Rγ
µuR) ,
OqL = (iH†
↔
DµH)(Q¯Lγ
µQL) ,
O(3) qL = (iH†σa
↔
DµH)(Q¯Lγ
µσaQL) , (14)
where H˜ = iσ2H
∗, and in operators ∝ Q¯LuR we include a Yukawa coupling yu (mu = yuv/
√
2)
as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:
OqLL = (Q¯LγµQL)(Q¯LγµQL) , O(8) qLL = (Q¯LγµTAQL)(Q¯LγµTAQL) ,
OuLR = (Q¯LγµQL)(u¯RγµuR) , O(8)uLR = (Q¯LγµTAQL)(u¯RγµTAuR) ,
OuRR = (u¯RγµuR)(u¯RγµuR) , (15)
5For CP-odd operators the identities are 4OHB˜ +OBB˜ +OWB˜ = 0 and 4OHW˜ +OWW˜ +OWB˜ = 0.
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where TA are the SU(3)c generators. Other four-fermion operators are linear combinations of
the ones appearing in Eq. (15); see for example [9,11]. Finally, the one-loop (dipole) operators
involving the up-type quark are
OuDB = yuQ¯LσµνuR H˜g′Bµν ,
OuDW = yuQ¯LσµνuR σaH˜gW aµν ,
OuDG = yuQ¯LσµνTAuR H˜gsGAµν . (16)
Similar operators to those given above can be written for the down-type quarks and
leptons. For one family of fermions these are given in Table 2. Among them, there is a new
type of operators, involving two different types of fermions, which, as we will see, can have
an important impact on Higgs physics at the one-loop level. These are
OudR = y†uyd(iH˜†
↔
DµH)(u¯Rγ
µdR) , (17)
and
Oyuyd = yuyd(Q¯rLuR)rs(Q¯sLdR) , O(8)yuyd = yuyd(Q¯rLTAuR)rs(Q¯sLTAdR) ,
Oyuye = yuye(Q¯rLuR)rs(L¯sLeR) , O′yuye = yuye(Q¯r αL eR)rs(L¯sLuαR) ,
Oyeyd = yey†d(L¯LeR)(d¯RQL) , (18)
where  = iσ2 and α labels color (only shown when contracted outside parentheses). These
operators are in principle of the first type. Nevertheless in the four-fermion operators of
Eq. (18) we have incorporated a product of Yukawa couplings since they involve two chirality-
flips, while in Eq. (17) we have also included Yukawa couplings as it is the case in theories
with a flavour symmetry, as discussed below. These operators are then only suppressed by
1/Λ2 as second-class operators.
There is some redundancy in the operators given above, as it is clear that some of them
can be eliminated by field redefinitions (see Appendix A) or using the equations of motion
(EoM). For example, the operator Or can be eliminated by field redefinitions:
crOr ↔ cr
[
1
2
(Oyu +Oyd +Oye + h.c.)−OH + 2O6
]
. (19)
Also, we could eliminate all 5 operators of Eq. (5) by using the EoM for the gauge fields:
DνW aµν = igH
†σ
a
2
↔
DµH + g
∑
f
f¯L
σa
2
γµfL ,
∂νBµν = ig
′YHH†
↔
DµH + g
′∑
f
[
Y fL f¯LγµfL + Y
f
R f¯RγµfR
]
,
DνGAµν = gs
∑
q
q¯ TAγµq , (20)
6
OH = 12(∂µ|H|2)2
OT = 12
(
H†
↔
DµH
)2
O6 = λ|H|6
OW = ig2
(
H†σa
↔
DµH
)
DνW aµν
OB = ig′2
(
H†
↔
DµH
)
∂νBµν
O2W = −12(DµW aµν)2
O2B = −12(∂µBµν)2
O2G = −12(DµGAµν)2
OBB = g′2|H|2BµνBµν
OGG = g2s |H|2GAµνGAµν
OHW = ig(DµH)†σa(DνH)W aµν
OHB = ig′(DµH)†(DνH)Bµν
O3W = 13!gabcW a νµ W bνρW c ρµ
O3G = 13!gsfABCGAνµ GBνρGC ρµ
Table 1: 14 CP-even operators made of SM bosons. The operators are grouped in 3 different
boxes corresponding to the 3 classes of operators defined in Eq. (2). Dashed lines separate
operators of different structure within a given class. There are, in addition, the 6 CP-odd
operators given in Eqs. (9)-(11).
where Y fL,R are the fermion hypercharges and YH the Higgs hypercharge. In particular, we
could trade OB and OW with other operators:
cBOB ↔ cB g
′ 2
g2∗
[
−1
2
OT + 1
2
∑
f
(
Y fLOfL + Y fROfR
)]
,
cWOW ↔ cW g
2
g2∗
[
−3
2
OH + 2O6 + 1
2
(Oyu +Oyd +Oye + h.c.) +
1
4
∑
f
O(3) fL
]
, (21)
where, in the last expression, we have eliminated Or using Eq. (19).
For one family of fermions the set of operators that we use is collected in Tables 1 and 2.
We keep all operators of Eqs. (4)-(11), since they are the relevant ones for a well-motivated
class of BSM scenarios such as universal theories, with the exception of Or, that we eliminate
of our basis using Eq. (19). In Tables 1 and 2 there are 58 operators; adding the 6 bosonic CP-
odd ones in Eqs. (9)-(11) leads to a total of 64 operators. We still have 5 redundant operators
that once eliminated leave a total of 59 independent operators, in agreement with [9]. We
leave free the choice of which 5 operators to eliminate: e.g., the operators of Eq. (5) could be
eliminated by using Eq. (20) or, alternatively, we could trade 5 operators that contain fermions
by the operators in Eq. (5). We will use later this freedom in different ways depending on the
physics process studied. Other redundant operators are discussed in Appendix A.
7
O y
u
=
y u
|H
|2 Q¯
L
H˜
u
R
O y
d
=
y d
|H
|2 Q¯
L
H
d
R
O y
e
=
y e
|H
|2 L¯
L
H
e R
Ou R
=
(i
H
†
↔ D
µ
H
)(
u¯
R
γ
µ
u
R
)
Od R
=
(i
H
†
↔ D
µ
H
)(
d¯
R
γ
µ
d
R
)
Oe R
=
(i
H
†
↔ D
µ
H
)(
e¯ R
γ
µ
e R
)
Oq L
=
(i
H
†
↔ D
µ
H
)(
Q¯
L
γ
µ
Q
L
)
Ol L
=
(i
H
†
↔ D
µ
H
)(
L¯
L
γ
µ
L
L
)
O(
3
)
q
L
=
(i
H
† σ
a
↔ D
µ
H
)(
Q¯
L
γ
µ
σ
a
Q
L
)
O(
3
)
l
L
=
(i
H
† σ
a
↔ D
µ
H
)(
L¯
L
γ
µ
σ
a
L
L
)
Ou L
R
=
(Q¯
L
γ
µ
Q
L
)(
u¯
R
γ
µ
u
R
)
Od L
R
=
(Q¯
L
γ
µ
Q
L
)(
d¯
R
γ
µ
d
R
)
Oe L
R
=
(L¯
L
γ
µ
L
L
)(
e¯ R
γ
µ
e R
)
O(
8
)
u
L
R
=
(Q¯
L
γ
µ
T
A
Q
L
)(
u¯
R
γ
µ
T
A
u
R
)
O(
8
)
d
L
R
=
(Q¯
L
γ
µ
T
A
Q
L
)(
d¯
R
γ
µ
T
A
d
R
)
Ou R
R
=
(u¯
R
γ
µ
u
R
)(
u¯
R
γ
µ
u
R
)
Od R
R
=
(d¯
R
γ
µ
d
R
)(
d¯
R
γ
µ
d
R
)
Oe R
R
=
(e¯
R
γ
µ
e R
)(
e¯ R
γ
µ
e R
)
Oq L
L
=
(Q¯
L
γ
µ
Q
L
)(
Q¯
L
γ
µ
Q
L
)
Ol L
L
=
(L¯
L
γ
µ
L
L
)(
L¯
L
γ
µ
L
L
)
O(
8
)
q
L
L
=
(Q¯
L
γ
µ
T
A
Q
L
)(
Q¯
L
γ
µ
T
A
Q
L
)
Oq
l
L
L
=
(Q¯
L
γ
µ
Q
L
)(
L¯
L
γ
µ
L
L
)
O(
3
)
q
l
L
L
=
(Q¯
L
γ
µ
σ
a
Q
L
)(
L¯
L
γ
µ
σ
a
L
L
)
Oq
e
L
R
=
(Q¯
L
γ
µ
Q
L
)(
e¯ R
γ
µ
e R
)
Ol
u L
R
=
(L¯
L
γ
µ
L
L
)(
u¯
R
γ
µ
u
R
)
Ol
d L
R
=
(L¯
L
γ
µ
L
L
)(
d¯
R
γ
µ
d
R
)
Ou
d
R
R
=
(u¯
R
γ
µ
u
R
)(
d¯
R
γ
µ
d
R
)
O(
8
)
u
d
R
R
=
(u¯
R
γ
µ
T
A
u
R
)(
d¯
R
γ
µ
T
A
d
R
)
Ou
e
R
R
=
(u¯
R
γ
µ
u
R
)(
e¯ R
γ
µ
e R
)
Od
e
R
R
=
(d¯
R
γ
µ
d
R
)(
e¯ R
γ
µ
e R
)
Ou
d
R
=
y
† uy
d
(i
H˜
†
↔ D
µ
H
)(
u¯
R
γ
µ
d
R
)
O y
u
y
d
=
y u
y d
(Q¯
r L
u
R
)
r
s
(Q¯
s L
d
R
)
O(
8
)
y
u
y
d
=
y u
y d
(Q¯
r L
T
A
u
R
)
r
s
(Q¯
s L
T
A
d
R
)
O y
u
y
e
=
y u
y e
(Q¯
r L
u
R
)
r
s
(L¯
s L
e R
)
O′ y
u
y
e
=
y u
y e
(Q¯
r
α
L
e R
)
r
s
(L¯
s L
u
α R
)
O y
e
y
d
=
y e
y
† d(
L¯
L
e R
)(
d¯
R
Q
L
)
Ou D
B
=
y u
Q¯
L
σ
µ
ν
u
R
H˜
g
′ B
µ
ν
Od D
B
=
y d
Q¯
L
σ
µ
ν
d
R
H
g
′ B
µ
ν
Oe D
B
=
y e
L¯
L
σ
µ
ν
e R
H
g
′ B
µ
ν
Ou D
W
=
y u
Q¯
L
σ
µ
ν
u
R
σ
a
H˜
g
W
a µ
ν
Od D
W
=
y d
Q¯
L
σ
µ
ν
d
R
σ
a
H
g
W
a µ
ν
Oe D
W
=
y e
L¯
L
σ
µ
ν
e R
σ
a
H
g
W
a µ
ν
Ou D
G
=
y u
Q¯
L
σ
µ
ν
T
A
u
R
H˜
g s
G
A µ
ν
Od D
G
=
y d
Q¯
L
σ
µ
ν
T
A
d
R
H
g s
G
A µ
ν
Table 2: 44 operators made of one-family of SM fermions. In the first column there are
operators made of the up-type quark and other fermions; in the second column there are
operators made only of the down-type quark and leptons; the third column lists operators
made only of leptons. The operators are grouped in 3 different boxes corresponding to the 3
classes of operators defined in Eq. (2). Dashed lines separate operators of different structure
within a given class.
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Extending the basis to 3 families increases considerably the number of operators. We can
reduce it by imposing flavor symmetries, which are also needed to avoid tight constraints
on flavor-violating processes. For example, we can require the BSM sector to be invariant
under the flavor symmetry U(3)QL ⊗ U(3)dR ⊗ U(3)uR ⊗ U(3)LL ⊗ U(3)eR , under which the
corresponding 3 families transform as triplets, and the Yukawas become 3× 3 matrices trans-
forming as yd ∈ (3, 3¯,0,0,0), yu ∈ (3,0, 3¯,0,0) and ye ∈ (0,0,0,3, 3¯) under the non-Abelian
part of the flavor group. One can also assume that the Yukawas are the only source of CP
violation. This assumption goes under the name of Minimal Flavor Violation (MFV) [12]. In
this case the list of operators given in Table 2 can be easily generalized to include 3 families.
For example, for operators involving two fermions, we have
(L¯Lγ
µLL) →
[
δij +O(yey
†
e/g
2
∗)
]
(L¯iLγ
µLjL) ,
yeL¯LeR → yije
[
1 +O(y†eye/g
2
∗)
]
L¯iLe
j
R , (22)
(i, j are family indices) and similarly for other fermion species. For 4-fermion operators, we
have several possibilities to form singlets under the flavor group. For the leptons we find four
independent operators:
OlLL = (L¯iLγµLiL)(L¯jLγµLjL) ,
O(3) lLL = (L¯iLγµσaLiL)(L¯jLγµσaLjL) ,
OeLR = (L¯iLγµLiL)(e¯jRγµejR) ,
OeRR = (e¯iRγµeiR)(e¯jRγµejR) , (23)
where we are neglecting terms of O(y2e/g
2
∗), while the independent set of 4-quark operators can
be found in the Appendix of Ref. [13]. The MFV assumption that the Yukawas are the only
source of CP violation implies that the Wilson coefficients are real. For the top quark, having
a Yukawa coupling of order one, departures from flavor-universality could be important.
It is useful, in order to understand what operators mix under the RGE, to derive the
transformation of the coefficients (or equivalently, of the operators) under the global custodial
SU(2)L⊗SU(2)R symmetry and the parity PLR that interchanges L↔ R. A detailed analysis
is given in Appendix C. In Table 3 we present the quantum numbers of the coefficients of the
tree-level operators involving the Higgs.
3 Higgs physics
Let us now describe the effects of the d = 6 operators on Higgs physics. We will only present
the modifications of the Higgs couplings important for single Higgs production and decay,
working under the assumption of MFV, allowing however for CP-violating bosonic operators.
We split the relevant part of the Lagrangian in two parts,
Lh = L(0)h + L(1)h . (24)
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Spurion SU(2)L ⊗ SU(2)R PLR
yf 2R
g′ 3R + 1
cT (3R ⊗ 3R)s
cH , c6 1 +
cB + cW 1 +
cB − cW 1 −
cyf 1
cfR 3R
cfL 3R
c
(3) f
L 1
cudR 1
Table 3: Quantum numbers under the custodial SU(2)L ⊗ SU(2)R and left-right parity PLR
of the SM couplings and coefficients of the tree-level operators involving Higgs fields. We only
show the PLR-parities of the coefficients with a well-defined transformation, see Apendix C.
In L(0)h we keep the SM couplings and the effects of the current-current operators of Tables 1
and 2, while L(1)h has the effects of the loop operators. We can remove the momentum
dependence from the Higgs couplings in L(0)h by using the EoM, so that we end up with Higgs
couplings at zero momentum. After doing that, we have, in the canonical basis for the Higgs
field h,
L(0)h = ghff h(f¯LfR + h.c.) + ghV V hV µVµ + ghZfLfL hZµf¯LγµfL
+ ghZfRfR hZµf¯Rγ
µfR + ghWfLf ′L hWµf¯Lγ
µf ′L , (25)
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where a sum over fermions is understood and V = W,Z. The couplings read 6
ghff = g
SM
hff
[
1−
(cH
2
+ cyf
)
ξ +
δGF
2GF
]
,
ghWW = g
SM
hWW
[
1−
(
cH − g
2
g2∗
cW
)
ξ
2
+
δGF
2GF
+ 2
δMW
MW
]
,
ghZZ = g
SM
hZZ
[
1−
(
cH − g
2
g2∗
cZ
)
ξ
2
− T̂ + δGF
2GF
]
,
ghWfLf ′L =
1
2
√
2 v
g3
g2∗
cW ξ +
2
v
δgfLW ,
ghZfLfL =
1
2v cos θW
g3
g2∗
(
T 3LcZ −QfcB tan2 θW
)
ξ +
2
v
δgfLZ ,
ghZfRfR = −
tan2 θW
2v cos θW
g3
g2∗
QfcB ξ +
2
v
δgfRZ . (26)
Here the SM couplings must be expressed as a function of the input parameters α = e2/(4pi),
the Fermi constant GF and the physical mh, MZ and fermion masses. In these equations,
θW is the weak mixing angle, T
3
L = ±1/2 stands for the weak isospin values of up and down
components of SU(2)L fermion doublets, Qf is the fermion electric charge. We have defined
ξ ≡ g
2
∗v
2
Λ2
, (27)
with v ' 246 GeV, and
cZ = cW + tan
2 θW cB . (28)
In the couplings of Eq. (26), we have introduced
δGF
GF
= 2
[
c
(3) l
LL − c(3) lL
]
ξ , (29)
δMW
MW
=
1
2(1− 2 sin2 θW )
[
cos2 θW T̂ − 2 sin2 θW Ŝ + sin2 θW δGF
GF
]
, (30)
and
δgfLW =
g√
2
c
(3) f
L ξ ,
δgfLZ =
g
2 cos θW
(2T 3Lc
(3) f
L − cfL) ξ,
δgfRZ = −
g
2 cos θW
cfR ξ . (31)
Finally, we have made use of the precision electroweak parameters [14,15]
Ŝ = (cW + cB)
M2W
Λ2
, T̂ = cT ξ . (32)
6A coupling of W±µ to the right-handed current f¯Rγ
µf ′R is generated from the operator OudR in Eq. (17), but
we do not include it as it is expected to be suppressed by two Yukawa couplings (due to the MFV assumption)
and hence to be small.
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As we have stressed in the previous Section, not all the operators appearing in the Higgs cou-
plings of Eq. (26) are independent. Once one has decided which are the redundant operators
which are not in the basis, one should simply put equal to zero the corresponding operator
coefficients.
The second term in the Lagrangian (24) necessarily contains field derivatives. It reads
L(1)h = g∂hWW (W+µW−µν∂νh+ h.c.) + g∂hZZ ZµZµν∂νh + g′hZZ hZµνZµν
+ ghAA hA
µνAµν + g∂hAZ Z
µAµν∂
νh + ghAZ hA
µνZµν + ghGG hG
AµνGAµν , (33)
where we have defined Vµν = ∂µVν − ∂νVµ, for V = W±, Z, A. The couplings are given by
g∂hWW = − g
2v
2Λ2
κHW ,
g∂hZZ = − g
2v
2Λ2
(κHW + κHB tan
2 θW ) ,
ghAA =
e2v
Λ2
κBB =
g′hZZ
tan2 θW
= − ghAZ
2 tan θW
,
g∂hAZ = − g
2v
2Λ2
tan θW (κHW − κHB) ,
ghGG =
g2sv
Λ2
κGG . (34)
The contributions from the CP-violating bosonic operators can be easily obtained from
Eq. (33) by replacing one of the field strengths Fµν in the operators by F˜µν . Only the
contributions from the dipole operators (third box of Table 2) have been neglected since they
are assumed to be proportional to Yukawa couplings.
In the list of modified Higgs couplings (26), the tree-level operator O6 does not play any
role. The simplest modified coupling containing this operator would be the triple Higgs vertex
δL(0)h = gSMhhh
[
1−
(
c6 +
3cH
2
)
ξ +
δGF
2GF
]
h3 , (35)
where gSMhhh is the SM value for the h
3 coupling. Experimental access to this coupling is not
yet possible.
From the couplings in Eqs. (25) and (33) it is easy to derive the modifications of the
main Higgs partial-widths due to d = 6 operators [3–5].7 The coefficients c
(3) f
L , c
f
L, c
f
R can also
modify the cross-section of hff¯ production, giving contributions that grow with the energy.
A particularly interesting case is pp → qth (q being a light quark) that is dominated by the
subprocess WLb→ th. At large energies this grows with the energy as
|A(WLb→ th)|2 '
(
4g2∗c
(3) q3
L
Λ2
)2
s(s+ t) . (36)
The extraction of new physics through this process has been studied in Ref. [16].
7For loop-suppressed partial-widths, such as h→ γγ, we remind the reader that d = 6 operators can have
an effect either directly or through modifications of the SM couplings that change the SM loop contribution
to that particular decay [4].
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4 Experimental constraints on the Wilson coefficients
As we saw in the previous Section, many d = 6 operators can directly affect the Higgs cou-
plings. Some of them only affect Higgs physics (at tree-level). Their corresponding coefficients
are
{cH , c6, cyf , κBB, κGG, κˆWW , κBB˜, κGG˜, κˆWW˜} . (37)
The reason for this is clear in the case of cH and c6 as these operators contain exclusively
Higgs fields; and in the case of cyf , κBB and κGG because, when the Higgs is substituted by its
vacuum expectation value (VEV), these operators simply lead to an innocuous renormalisation
of SM parameters. The coefficient κˆWW corresponds to the direction in parameter space given
by 8
κHB = −κHW = 4κBB = cW = −cB ≡ 4κˆWW , (38)
and the reason why this direction is only constrained by Higgs physics is subtle in our basis.
The easiest way to see it is to go from our basis, that contains the subset
B1 = {OW ,OB,OHW ,OHB,OBB} , (39)
to the basis containing the subset B3 defined in [7]:
B3 = {OW ,OB,OWW ,OWB,OBB} . (40)
One can go from one to another using (13). Now, in the basis containing OWW it is clear
that its coefficient cannot be bounded by any non-Higgs SM processes, for exactly the same
reasons as κBB. We can now use Eq. (13) to get the expression of OWW in terms of the
operators in B1,
OWW = 4(OW −OB)− 4(OHW −OHB) +OBB , (41)
which leads to the direction given in Eq. (38). Similarly, for the CP-odd operators, κˆWW˜
corresponds to the direction:
κHB˜ = −κHW˜ = 4κBB˜ ≡ 4κˆWW˜ . (42)
Although the coefficients cH , c6 and cyf have no severe constraints from Higgs physics yet [18],
the coefficients κBB and the difference κHW − κHB are subject to strong constraints from
h→ γγ and h→ Zγ respectively (as these decays are one-loop suppressed in the SM). These
give at 95%CL [18]
− 0.0013 . M
2
W
Λ2
κBB . 0.0018 , −0.016 . M
2
W
Λ2
(κHW − κHB) . 0.009 . (43)
8In Ref. [17] these were called blind directions, combinations of operators which a certain group of experi-
ments cannot bound. In the case of κˆWW that group is non-Higgs experiments.
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Notice that κHW − κHB is odd under PLR [Eq. (C.4)] and could be suppressed with respect
to the sum κHW + κHB if the BSM sector respects this parity. Similarly, the coefficient κGG
enters in the production GG→ h and gets the bound [18]:
M2W
Λ2
|κGG| . 0.004 . (44)
The coefficients of the CP-odd operators enter quadratically in Γ(h → γγ) and Γ(h → Zγ),
and therefore their effects are suppressed with respect to CP-even ones.
Apart from the ”Higgs-only” coefficients of Eq. (37), the rest of the coefficients of d = 6
operators that enter in the Lagrangian of Eq. (25) and Eq. (33), relevant for single Higgs
physics, can in principle be constrained by (non-Higgs) SM processes. In the following we
present the main experimental constraints on these Wilson coefficients. We also discuss limits
on other Wilson coefficients that, although do not affect Higgs physics at tree-level, could do
it at the one-loop level. The details of this study with a full dedicated quantitative analysis
will be presented in [3]. In what follows we assume MFV (unless explicitly stated) and CP-
invariance.
4.1 Universal theories
We start considering universal theories, leaving the generalization for later. The new physics
effects of these theories are captured by the operators listed in Table 1. Deviations in the
W± and Z0 propagators can be parametrized by four quantities, Ŝ, T̂ ,W and Y [15]. The
contributions from d = 6 operators to Ŝ and T̂ have been written in (32); the corresponding
equations for W and Y read
W = c2W
M2W
Λ2
, Y = c2B
M2W
Λ2
. (45)
LEP1, LEP2 (e+e− → l+l−) and Tevatron allow to constrain independently each of these four
quantities, all of them at the per-mille level [15].9 We saw in (32) that Ŝ depends only on
the combination cW + cB. The gauge-boson part of the orthogonal combination, OW − OB,
contains at least three gauge bosons
(OW −OB)
∣∣
〈H〉 = O(V
3) , (46)
and thus it is a blind direction for LEP1 experiments. To constrain this direction, we have to
consider the effect of cW,B on triple gauge-boson vertices, which can be cast in the form
δL3V = ig cos θW
[
δgZ1 Z
µ
(
W− νW+µν −W+ νW−µν
)
+ δκZ Z
µνW−µ W
+
ν +
λZ
M2W
ZµνW−ρν W
+
ρµ
]
+ ig sin θW
[
δκγ A
µνW−µ W
+
ν +
λγ
M2W
AµνW−ρν W
+
ρµ
]
, (47)
9LHC data is also useful to constrain W , Y and c2G, which affect quark cross-sections at high energies [13].
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where again we have defined Vµν = ∂µVν − ∂νVµ for V = W±, Z, A. The contributions from
d = 6 operators to these couplings are given by
δgZ1 =
M2Z
Λ2
(cW + κHW ) ,
δκγ =
M2W
Λ2
(κHW + κHB) ,
δκZ = δg
Z
1 − tan2 θW δκγ ,
λZ = λγ =
M2W
Λ2
κ3W , (48)
where we do not include a contribution from c2W since it is constrained to be small, as we
have seen before. The third relation, as well as the identity λZ = λγ, are a consequence of
limiting the analysis to d = 6 operators [8]. The best current limits on triple gauge-boson
vertices still come from e+e− → W+W− at LEP2 [19], although LHC results are almost as
good and will be better in the near future [20,21]. Leaving aside the contributions from κ3W ,
that we expect to be small in most theories in which the SM gauge bosons are elementary
above Λ, we can use the two-parameter fit from LEP2 [19] which at 95%CL reads
− 0.046 6 δgZ1 6 0.050 ,
−0.11 6 δκγ 6 0.084 . (49)
These are a factor ∼ 10 weaker than the constraints on the coefficients Ŝ, T̂ , W and Y from
LEP1 (for this reason we can neglect their contributions to e+e− → W+W−). As expected,
the two constraints in Eq. (49) are orthogonal in parameter space to the direction κˆWW of
Eq. (38), as can be seen using Eq. (48). For this reason, to obtain independent bounds on the
4 parameters cW , cB, κHB and κHW , we need the constraint Eq. (43) combined with Eq. (49)
and the bound on Ŝ. These bounds are at the percent level. In the particular case of κi  ci,
as expected in weakly-coupled theories, we obtain the bound
− 0.046 . M
2
Z
Λ2
cW . 0.050 . (50)
As we said, LHC tests of triple gauge-boson vertices are becoming comparable to those
from LEP2, and it is foreseen that LHC will surpass LEP2 in these type of measurements
[20, 21]. It follows that an important implication of our study is that the LHC will have a
direct impact on the improvement of the limits on cW + κHW , κHW + κHB and κ3W . We will
see in the next Subsection that this conclusion is also valid in non-universal theories.
4.2 Non-universal theories
Let us now discuss BSM models without the universal assumption, considering then all oper-
ators of the basis. We will follow a different strategy than in the previous Subsection. Let us
first look at electroweak leptonic physics for which the experimental constraints are expected
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to be the strongest ones. Since we assume MFV, dipole operators (third box of Table 2) give
corrections to SM processes proportional to lepton masses and can then be neglected. We
use the redundancy in our set of operators to eliminate, by using Eq. (21), the 5 operators
O2B,2W,2G, O(3) lL and OlL. Taking α, MZ and GF as input parameters, the relevant operators
for the leptonic data are the 4 operators OT , OW , OB, OeR and the four-lepton operators
of Eq. (23). LEP1 data and Tevatron afford 4 well-measured experimental quantities: The
charged-leptonic width Γ(Z → l+l−), the leptonic left-right asymmetry AlLR, the Z-width
into neutrinos Γ(Z → νν¯) = ΓtotalZ − ΓvisibleZ and MW . These allow us to place bounds on
the 4 quantities {cT , cW + cB, ceR, δGF/GF} [where δGF/GF is given in Eq. (29)] at almost
the same level as for universal theories. We again need the LEP2 constraint of Eq. (49) from
e+e− → W+W− to bound the difference cW − cB [see Eq. (46)]. The only remaining opera-
tors are four-lepton interactions but they can also be highly constrained from e+e− → l+l−
at LEP2.
Having these constraints in mind, we can now move to the quark sector. Higgs-fermion
operators, as those in Eq. (14), give contributions to the gauge-boson couplings to quarks
that make them depart from the leptonic ones by the amounts δgqLW , δg
qL
Z and δg
qR
Z given in
(31). Experiments put severe bounds on these deviations. For example, we have limits at the
per-mille level on deviations from lepton-quark universality from β-decays and semileptonic
K-decays [22]. This implies that the coefficient c
(3) q
L ξ can be constrained at this level.
10 For
cqL, c
u
R and c
d
R the main constraints come from LEP1 measurements at the Z-pole. These can
put bounds on deviations of the Z couplings to quarks, δg
qL,R
Z , and on c
q
L and c
u,d
R .
As we saw, operators made of top quarks can depart from the MFV assumption due
to the large top Yukawa coupling. If this is the case, we can still bound (cq3L + c
(3) q3
L )ξ
from the measurement of the ZbLb¯L coupling at LEP1 which also gives a per-mille bound.
Interestingly, a PLR symmetry can be imposed in the BSM sector such that c
q3
L = − c(3) q3L
[see Eq. (C.10)], allowing for large deviations on cq3L − c(3) q3L . Recent LHC measurements
of the Wtb coupling [24] put some bounds on c
(3) q3
L but they are not very strong. Also c
t
R
has practically no bound due to the large uncertainty in the determination of the ZtRt¯R
coupling [25]. Bounds on the Wilson coefficient ctbR, see Eq. (17), arise from b→ sγ and read
−0.001 . ctbRM2W/Λ2 . 0.006 [26]. These bounds will be improved in the future by the LHC.
Four-fermion operators involving quarks, as those in the first box of Table 2, can also be
constrained by recent LHC data [13], while the coefficients of the operators of the second box
of Table 2 have no severe experimental constraints due to their Yukawa suppression. However,
they can affect Higgs physics through operator mixing, as we will see in the next Section.
Finally, bounds on dipole operators can be found, for example, in Ref. [5].
We conclude that, concerning the strength of experimental constraints, we can distinguish
the following sets of d = 6 operators:
(i) First, we have those which can only affect Higgs physics. We have 8+3 operators of this
10The operator O(3) qlLL = (Q¯LγµσaQL)(L¯LγµσaLL) also gives contributions to β-decays and K-decays, but
this can be independently constrained by recent LHC data [23].
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type (CP-even plus CP-odd respectively) for one family, with real coefficients given in
Eq. (37) 11. As shown in Section 3, they can independently modify the Higgs decay-
width to fermions, photons, gluons and Zγ, apart from a global rescaling of all Higgs
amplitudes due to cH .
(ii) A second set of operators are those whose coefficients are severely restricted by elec-
troweak precision data, as explained above. Eliminating, by the EoM of Eq. (21),
O2B,O2W ,O2G and OlL,O(3) lL , these are cW + cB and cT that affect the W/Z propagator,
and ceR, c
q
L, c
u,d
R , c
(3) q
L that affect V ff¯ vertices.
(iii) In a third set, we have the operator coefficients that can affect the ZWW/γWW vertices
and are, at present, constrained at the few per-cent level. These are the combinations
κHB + κHW and cW + κHW (and also c3W if we include λZ in the analysis).
We finally would like to mention that our result is in contradiction with Ref. [27] that
obtained a smaller number of parameters to characterize Higgs physics and triple gauge-
boson vertices. The origin of this discrepancy is due to the following. In our basis it is
clear that physics at LEP1 is not sensitive to the blind direction cW = −cB, since only the
combination cW + cB enters in the Ŝ parameter. This blind direction, however, becomes more
complicated when one goes to other bases, such as that of Ref. [9], in which OW and OB
are eliminated [by using Eq. (21)] in favor of operators made of SM fermions. In such bases
there is the risk of overestimating the number of independent experimental constraints on the
Wilson coefficients.
5 Running effects from Λ to MW
So far, we have implicitly assumed that the Wilson coefficients were evaluated at the elec-
troweak scale, at which their effects can be eventually measured. However, particular UV
completions predict the values of those coefficients at the scale Λ where the heavy BSM is
integrated out. The RG evolution from Λ down to the electroweak scale, described by the
corresponding anomalous dimensions, can be important in many cases.
Our main interest is to calculate the anomalous dimensions of the Wilson coefficients that
can have the largest impact on Higgs physics. As we explained in the previous section, these
are the coefficients listed in Eq. (37). In Ref. [7] we already calculated the most relevant
anomalous dimensions of the κi in Eq. (37). We showed that tree-level Wilson coefficients do
not enter, at the one-loop level, in the RGEs of the κi, a property that allowed us to complete
the calculation of [6] for the anomalous dimensions relevant for h → γγ, Zγ. In this section
we extend the analysis by calculating the anomalous dimensions for the 5 tree-level Wilson
coefficients:
{cH , c6, cyt , cyb , cyτ} . (51)
11If we relax the MFV assumption that the cyf are real, in addition to the 3 operators Re(cyf )(Oyf +O†yf )
we should also consider the 3 CP-odd operators Im(cyf )(Oyf −O†yf ).
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We notice that even in the future, with better measurements of the Higgs couplings, and
then better bounds on Eq. (51), we still expect Eq. (51) to give the main BSM contributions
to Higgs physics, since other Wilson coefficients, such as cW , are expected to receive even
stronger constraints from LHC (for a given Λ).
Generically, the anomalous dimensions are functions of other Wilson coefficients:
γci =
dci
d log µ
= γci(cj) , (52)
where µ is the renormalization scale. In the RHS of Eq. (52) we keep the cj coefficients
that can potentially give the most significant contributions to the RG running. We keep the
following cj. First, those of Eq. (51) as they have no important experimental constraints
and also are the most relevant in BSM scenarios with g∗ large. We also keep the Wilson
coefficients of operators involving the top quark, departing from the MFV assumption. These
are Oq3L , OtR, O(3) q3L and OtbR , in addition to the 4-fermion operators, Oq3LL, O(8) q3LL , OtLR,
O(8) tLR , Oytyb , O(8)ytyb , Oytyτ and O′ytyτ . We have several motivations to keep them. First, they
have no large constraints from experiments. Second, they can induce large effects on the
anomalous dimensions of Eq. (51), since they are proportional to the top Yukawa coupling.
Also their Wilson coefficients can be sizable in many BSM models, such as composite Higgs
or supersymmetric theories, as we will discuss. To summarize, we consider in the RHS of
Eq. (52) the following Wilson coefficients:
{cj} = {cH , c6, cyt , cyb , cyτ , cL, cR, c(3)L , ctbR, cLL, c(8)LL, cLR, c(8)LR, cytyb , c(8)ytyb , cytyτ , c′ytyτ} , (53)
where, from now on, we suppress the q3 and t superindices in the coefficients for simplicity.
We would like to mention that, even for those Wilson coefficients that receive experimental
constraints, as those discussed in the previous section, the fact that the constraints apply
to the ratios cjM
2
W/Λ
2 means that bounds at the percent-level can allow for cj ∼ O(1) if
Λ ∼ O(TeV). These coefficients could then also give potentially non-negligible effects in the
γci . An example of this is cW . Nevertheless, one can still expect that the dominant effects
will be given by the coefficients in Eq. (53) since, for a given Λ, they can always be larger
than cW .
In addition, we will also extend our calculation of anomalous dimensions to other Wilson
coefficients beyond Eq. (51). These correspond to operators constrained by the present ex-
perimental data, and then their anomalous dimensions can be also useful to derive indirect
bounds on the coefficients of Eq. (53).12
The anomalous dimensions presented below correspond to the basis of Tables 1 and 2,
after using the five redundancies to eliminate the operators {OlL, O(3) lL , OeRR, OlLL, O(8) dRR }.
Nevertheless, removing or not these five operators and keeping the redundancy would not
change our results (see Appendix B for more details).
12 Other anomalous dimensions were calculated in [8, 28].
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5.1 Anomalous dimensions of operators relevant for Higgs physics
We present here the anomalous dimensions for the Wilson coefficients in Eq. (51), the ones
expected to dominate deviations in Higgs physics, including the effects from the Wilson
coefficients in Eq. (53). These are given by
16pi2γcH =
[
4Ncy
2
t + 24λ−
3
2
(3g2 + 2g′2)
]
cH + 12Ncy
2
t c
(3)
L , (54)
16pi2γλc6 = 6
[
Ncy
2
t + 18λ−
3
4
(3g2 + g′2)
]
λc6 + 2(40λ− 3g2)λcH
−16Ncλy2t c(3)L + 8Ncy2t (λ− y2t )cyt , (55)
16pi2γcyt =
[
(4Nc + 9)y
2
t + 24λ−
3
2
(3g2 + g′2)
]
cyt +
(
3y2t + 2λ−
3
2
g2
)
cH
+(2y2t + 4λ− 3g2 − g′2)cR − 2(y2t + 2λ+ 2g′2)cL
+4(−Ncy2t + 3λ+ g′2)c(3)L + 8(y2t − λ)
[
cLR + CF c
(8)
LR
]
, (56)
16pi2γcyb =
[
2(Nc + 1)y
2
t + 24λ−
3
2
(3g2 + g′2)
]
cyb +
(
2λ− 3
2
g2
)
cH + (2Nc − 1)y2t cyt
+2(2λ+ g′2)cL + 2
[
(3− 2Nc)y2t + 6λ+ g′2
]
c
(3)
L − 4
y2t
g2∗
(
y2t + 2λ−
3
2
g2
)
ctbR
+2
y2t
g2∗
(λ− y2t )
[
(2Nc + 1) cytyb + CF c
(8)
ytyb
]
, (57)
16pi2γcyτ =
[
2Ncy
2
t + 24λ−
3
2
(3g2 + g′2)
]
cyτ +
(
2λ− 3
2
g2
)
cH + 2Ncy
2
t [cyt − 2c(3)L ]
−2y
2
t
g2∗
Nc(λ− y2t )
(
2cytyτ + c
′
ytyτ
)
, (58)
where Nc = 3 is the number of colors and CF = (N
2
c − 1)/(2Nc). Parametrically one has
γci ∼ g2j cj/16pi2 and we only keep g2j = {y2t , g2s , g2, g′2, λ}, dropping g2j = {y2b , y2τ , ...}. We
remark that, to calculate these anomalous dimensions, one has to take into account that
redundant operators removed from our operator basis are nevertheless generated through
renormalization at the one-loop level. For details about how to deal with this effect, see
Appendices A and B. The need to care about such effect also means that the RGEs depend
on the choice of redundant operators (i.e. on the basis).
Let us make a quantitative analysis of the size of these radiative effects. Working at
one-loop leading log order,
ci(Mt) ' ci(Λ)− γci log
Λ
Mt
, (59)
which is enough if we take Λ ∼ 2 TeV as UV scale and Mt as electroweak scale, we obtain
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the following radiative modifications of the Wilson coefficients, ∆ci ≡ ci(Mt)− ci(2 TeV):
∆cH = −0.17 cH − 0.49 c(3)L ,
∆λc6 = −0.36λc6 − 0.015 cH + 0.082 c(3)L + 0.244 cyt ,
∆cyt = −0.30 cyt − 0.035 cH − 0.013 cR + 0.043 cL + 0.13 c(3)L − 0.093 cLR − 0.12 c(8)LR ,
∆cyb = −0.12 cyb − 0.068 cyt + 0.0060 cH − 0.012 cL + 0.054 c(3)L + 0.027 ctbR/g2∗
+(0.16 cytyb + 0.027 c
(8)
ytyb
)/g2∗ ,
∆cyτ = −0.096 cyτ − 0.081 cyt + 0.0060 cH + 0.16 c(3)L + (0.012cytyτ + 0.061c′ytyτ )/g2∗. (60)
We see that in a few cases, the numerical impact of operator mixing can be significant, like
the mixing of c
(3)
L into cH ; λc6 and cyt into λc6; and cyt into itself.
5.2 Anomalous dimensions of constrained operators
Other interesting anomalous dimensions to calculate correspond to operators that are at
present constrained by experiments. Here we present those of cT , cB, cW , and for the top
quark, cR, cL, and c
(3)
L :
16pi2γcT =
3
2
g′2cH + 4Ncy2t (cR − cL) , (61)
16pi2γcR =
[
2(4 +Nc)y
2
t − 9g2 −
7
3
g′2
]
cR − 4(Nc + 1)
(
y2t −
2
9
g′2
)
cRR
+2Nc
(
y2t +
1
9
g′2
)
cLR + 2y
2
t
(
1
4
cH − cL
)
, (62)
16pi2γcL =
[
2(2 +Nc)y
2
t − 9g2 −
7
3
g′2
]
cL + 2
(
y2t +
1
9
g′2
)[
(2Nc + 1)cLL + CF c
(8)
LL
]
−2Nc
(
y2t −
2
9
g′2
)
cLR − y2t
(
1
4
cH + cR + 9c
(3)
L
)
, (63)
16pi2γ
c
(3)
L
=
[
2(1 +Nc)y
2
t −
16
3
g2 − 3g′2
]
c
(3)
L − 2
(
y2t −
1
3
g2
)[
cLL + CF c
(8)
LL
]
+y2t
(
1
4
cH − 3cL
)
, (64)
16pi2γcW =
1
3
g2∗
[
16Ncc
(3)
L − cH
]
, (65)
16pi2γcB =
1
3
g2∗
[
8
3
Nc (2cR + cL)− cH
]
. (66)
From them we can calculate the leading-log corrections to cB + cW , cT and cL + c
(3)
L that are
highly constrained by Ŝ, T̂ and the Zbb-coupling, as has been discussed in Section 4. In this
20
way, coefficients that are more loosely constrained by direct processes, such as cH , cL or cR,
can get indirect bounds from LEP1 and Tevatron measurements.
Integrating the RGEs of Eq. (66), at the one-loop leading-log order, between the cutoff
scale Λ = 2 TeV and the electroweak scale, that we take here Mt, one gets
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∆T̂ = ∆cT ξ = [−0.003 cH + 0.16 (cL − cR)] ξ , (67)
∆Ŝ = ∆(cB + cW )
M2W
Λ2
=
[
0.001 cH − 0.01 cR − 0.004 cL − 0.03 c(3)L
]
ξ , (68)
∆
δgbLZ
gbLZ
=
∆[cL + c
(3)
L ]
1− (2/3) sin2 θW
ξ ' ∆[cL + c(3)L ]ξ
=
[
0.01 cR − 0.03 cL + 0.06 c(3)L − 0.17 cLL − 0.0064 c(8)LL + 0.08 cLR
]
ξ , (69)
where ∆ci ≡ ci(Mt) − ci(2 TeV). Notice that even if a PLR symmetry of the BSM sector
enforces cL + c
(3)
L = 0, we can have a nonzero cL + c
(3)
L from the RG running, since the
SM does not respect this parity. The fact that the three quantities above are constrained
at the per-mille level implies that the top coefficients, {cL, cR, . . . } × ξ cannot be of order
one. Obviously, we are barring the possibility of cancellations between the initial value of the
Wilson coefficients at the scale Λ and the radiative effects ∼ γci log(Λ/Mt), that could only
be possible by accident.
6 RGE impact on the predictions of Wilson coefficients
Here we want to study the impact of the evolution of the Wilson coefficients from the UV scale
Λ down to the electroweak scale at which they affect Higgs physics. This running can modify
the predictions arising from BSM models. We present three examples: two-Higgs doublet
models (2HDM), universal theories, and scenarios with sizeable cL,R, such as composite-top
models.
2HDM and Supersymmetric theories: At tree-level, assuming ordinary R-parity, the
only d = 6 operators that can be induced in supersymmetric models arise from the exchange
of the extra Higgses since these are the only R-even heavy fields. In particular, the MSSM
contains an extra heavy Higgs doublet. It is therefore well motivated to look for the impact
of an extra heavy Higgs doublet in SM Higgs physics.
Denoting the heavy Higgs by H ′, defined to have YH′ = 1/2, its relevant couplings to the
SM fermions and Higgs are given by
L′ = −αuyuQ¯LH˜ ′uR − αdybQ¯LH ′dR − αeyel¯LH ′eR − λ′H ′†H|H|2 + h.c.+ · · · , (70)
where αu,d,e are constants and we assume that λ
′ is a real number. In particular 2HDMs,
13 The effects of cH and those of cL,R on T̂ were already calculated in [29] and [30] respectively.
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these constants are
αu = αd = αe = tan β , for type-I 2HDM (71)
αu = − cot β , αd = αe = tan β , for type-II 2HDM (MSSM) (72)
where tan β defines the rotation from the original basis, in which only one Higgs couples to
a given type of fermion, to the mass-eigenstate basis before EWSB. At the order we work
(∼ v2/Λ2), tan β coincides with that defined in the MSSM. Integrating out this doublet at
tree-level, we obtain the following nonzero coefficients for the third-family d = 6 operators:
g2∗cyt = αtλ
′ , g2∗cyb = αbλ
′ , g2∗cyτ = ατλ
′ , g2∗λc6 = λ
′2 ,
g2∗c
(8)
LR = 2Ncg
2
∗cLR = −α2t y2t , cytyb = αtαb , cytyτ = αtατ .
(73)
We have used (Q¯LtR)(t¯RQL) = −(Q¯LTAγµQL)(t¯RTAγµtR) − (Q¯LγµQL)(t¯RγµtR)/(2Nc) and
now Λ = MH′ . Under the RGE flow of Eqs. (56)-(58) the operators Oyf mix with OLR,O(8)LR,
Oyuyd and Oyuyτ . In the type-II 2HDM, we obtain in the one-loop leading-log approximation
and neglecting O(λ, g2, g′2) corrections:
g2∗cyt(mh) = −
λ′
tβ
[
1− 21y
2
t
16pi2
log
MH′
mh
]
+
3y4t
4pi2t2β
log
MH′
mh
,
g2∗cyb(mh) = λ
′tβ
[
1− y
2
t
2pi2
log
MH′
mh
]
+
y2t
16pi2
[
5
λ′
tβ
− 14y2t
]
log
MH′
mh
,
g2∗cyτ (mh) = λ
′tβ
[
1− 3y
2
t
8pi2
log
MH′
mh
]
+
3y2t
8pi2
[
λ′
tβ
− 2y2t
]
log
MH′
mh
, (74)
with tβ ≡ tan β.
To illustrate the impact of these radiative effects, let us consider the MSSM, a model
which predicts λ′ = (1/8)(g2 + g′2) sin 4β at tree-level [31]. We take the stop mass scale Mt˜
large enough to get mh ' 125 GeV through the well-known loop corrections to the Higgs
quartic coupling, which at one-loop and zero stop mixing read:
λ(mh) =
1
8
(g2 + g′2) cos2 2β +
3y4t
16pi2
log
M2
t˜
M2t
, (75)
which is precise enough for our illustrative purposes. For consistency we must also include
similar radiative corrections to λ′, which read at one-loop:
λ′(MH′) =
1
8
(g2 + g′2) sin 4β − 3y
4
t
8pi2tβ
log
M2
t˜
M2H′
. (76)
This gives the value of λ′ that we can then plug in Eq. (74) to obtain the RG-improved
corrections for ghff induced by integrating out the heavy Higgses. The result is shown as
a function of tβ in Fig. 1, which compares the tree-level result (dashed lines) and the one-
loop result (solid lines) which takes into account the running from Λ = MH′ down to the
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Figure 1: Relative modification of the Higgs coupling to fermions, δghff/ghff = −cyf ξ,
Eq. (26), at tree-level (dashed line) and after including RGE effects from Λ to the electroweak
scale (solid lines) as a function of tan β in an MSSM scenario with Λ = MH′ = 600 GeV and
unmixed stops heavy enough to reproduce mh = 125 GeV. Left plot: top coupling. Right plot:
bottom (lower solid line) and tau (upper solid line) couplings.
electroweak scale mh. One sees that the effect of the running can be quite significant, easily
∼ 50% or more. The importance of this effect can be further appreciated in Fig. 2, which
shows the lower bound one could set on MH′ from an upper bound on δghbb/ghbb, the deviation
of ghbb from its SM value. By comparing the tree-level bound (dashed line) and the one-loop
bound (solid line) one sees that the bound is shifted significantly by the inclusion of the RG
corrections from MH′ to mh.
Finally, notice that cH , which is not generated in the MSSM at tree-level since there are
no heavy R-even singlet states, is not generated by the RGE evolution and therefore is also
zero in the leading-log approximation.
Universal theories and composite Higgs models: Universal theories predict cyu = cyd =
cye . This prediction is modified by the evolution of these coefficients from the scale Λ, where
they are generated, down to the electroweak scale. In particular, for Λ = 2 TeV, we find that
the breaking of universality due to the top Yukawa coupling gives
cyt(mh) = cyb(mh)
(
1− 8y
2
t
16pi2
log
Λ
mh
)
− 3y
2
t cH
16pi2
log
Λ
mh
' 0.88cyb(mh)− 0.05cH ,
cyb(mh) = cyτ (mh)
(
1− y
2
t
16pi2
log
Λ
mh
)
' 0.98cyτ (mh) .
(77)
This is a sizeable departure from universality for cyt that will have to be taken into account
when fitting these models to data. Also it is worth noticing that in models in which only cH
is generated (models with only heavy singlets) and cyf (Λ) = 0, the value of cyf is also very
23
0.05 0.10 0.15 0.20
300
400
500
600
700
800
900
∆ghbbghbb
L
o
w
er
li
m
it
o
n
M
H
'
HG
eV
L
1-Loop
Tree
Figure 2: Lower bound on MH′ as a function of the upper bound on the relative deviation
δghbb/ghbb, in an MSSM scenario with tan β = 5 and unmixed stops heavy enough to reproduce
mh = 125 GeV. The dashed line corresponds to a tree-level analysis (parameters calculated at
the scale MH′), while the solid line includes the RG running from MH′ down to mh.
small at low-energies, cyf (mh) ' 0. In the minimal composite Higgs model, we also have the
prediction cH = 1 at Λ ∼ 2 TeV [4]. We find that the RG effects give a ∼ 20% reduction of
this prediction.
Models with a non-SM top: The top is the only quark whose properties are not yet
measured at high precision, allowing then sizeable deviations from their SM predictions.
There are also theoretical motivations to expect the top to be the quark with the largest
deviations from the SM predictions, as it is the quark with the largest coupling to the Higgs.
This is specially true in composite Higgs models where one expects the top to show also certain
degree of compositeness. In these examples we can expect sizable values for cR, c
(3)
L , cL and
cLR that can affect, at the one loop-level, the Higgs coefficients cH and cyf . As it is clear from
Eq. (60) the effects of cR on the RGE evolution of cH and cyf are very small. Nevertheless,
those from c
(3)
L and cL are quite sizeable, even in the limit cL ' −c(3)L as required in order
to avoid large tree-level contributions to Zbb¯. Unfortunately these coefficients also give large
one-loop effects to the T̂ and Ŝ parameters and Zbb, as Eqs. (67)-(69) show, that bounds
them to be small (unless ξ is small). Interestingly, the coefficient c
(8)
LR is not constrained by
Eqs. (67)-(69). Therefore it can give sizeable contributions to the RGE evolution of cyt :
cyt(mh) = cyt(Λ)−
2y2t
3pi2
c
(8)
LR log
Λ
mh
, (78)
that is of order ∼ 15%. A nonzero c(8)LR could arise from integrating out a massive gluon
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coupled to the top.
7 Conclusions
As the measurements of the Higgs properties improve, it will be important to understand
their implications for BSM models. In this article we have adopted the framework of effective
Lagrangians as a tool to study the effects of d = 6 operators in Higgs physics. As a first
step, we have discussed the choice of basis of operators. Our basis has been defined following
[4, 7] that distinguished two classes of operators: tree-level (or current-current) operators,
and one-loop operators. This choice can be important when calculating one-loop operator
mixing, since most of the tree-level operators do not mix with one-loop operators under RG
evolution [7]. Another important property of our basis is that it contains a subset of 5 CP-
even operators made of Higgs and gauge field-strengths, that in our case are OW,B OHW,HB
and OBB, (leaving aside OGG). We have found that it is important to keep these 5 operators
to make the connection with experiments more transparent [these subset could also be written
with OWB,WW by using the identities (12) and (13)]. Bases, such as [9] and [27], that eliminate
two of these operators in favor of operators made of SM fermions, as it can be done by using
the EoM, have dangerous blind directions for LEP1 experiments, which make the contact
with experiments more difficult.
We have calculated the modifications that the operators of the effective Lagrangian induce
in the Higgs couplings relevant for the main decays and production mechanisms. It has
been shown that these operators can be divided in two subsets. There are 11 operators
(for one family) with coefficients given in Eq. (37), that can only affect Higgs physics and
no other SM processes at tree-level. The number 11 can be deduced from counting the
number of independent operators one can write as |H|2O4 with O4 a d = 4 operator formed
with SM fields. The second subset, formed by the rest of operators, enter in other SM
processes and therefore can be constrained by non-Higgs experiments. Among the latter,
considering only the CP-even ones, we have found that the least constrained correspond to the
two combinations of Wilson coefficients appearing in the measurements of the ZWW/γWW
coupling, Eq. (48), that LEP2 has only constrained at the few per-cent level. LHC will probe
these vertices with better accuracy, so that it will be able to improve these constraints.
We have calculated the anomalous dimensions of the 5 tree-level operators of the list
Eq. (37), which allows us to calculate the running of the coefficients from the high-energy
scale Λ where they are generated down to the electroweak scale. All technical details of these
calculations have been discussed in Appendix B. Since Ŝ and T̂ parameters, and the Zbb¯
coupling are very well constrained, we have also calculated the anomalous dimension of the
operators contributing to these quantities. In this way, we can put indirect bounds on Higgs
operators.
We have applied our results to BSM models as MSSM, universal theories (as composite
Higgs models) and models with non-standard top couplings. In such models we have evaluated
25
the leading-log corrections to the predictions for the Higgs couplings. The corrections from
the running can be quite large for Λ ∼ few TeV, as Fig. 2 shows. Our calculation of the
anomalous dimensions is an aspect of the physics of the d = 6 operators which will become
more relevant as soon as we have better measurements of the Higgs couplings.
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A Currents, redundant operators and field shifts
In this Appendix we first list, in Subsection A.1, the different currents (of dimension ≤ 3)
built from SM fields that enter into the d = 6 current-current operators. We examine in
Subsection A.2 how these operators can be generated from integrating out heavy particles
discussing what type of operators appear depending on the quantum numbers of the heavy
fields. Some of these operators are redundant and can be eliminated from the Lagrangian
by using the field equations of motion or, equivalently, by field redefinitions. We discuss this
point in Subsection A.3, where we give a possible set of field redefinitions that can be used
to get rid of the redundant operators.
A.1 Currents of SM fields
For simplicity we limit our examples of currents to the SM with a single family of fermions,
the generalization to 3 families being straightforward. The scalar currents are:
JH = |H|2 , J (2)H = H|H|2 , J2H = D2µH ,
JaH = H
†σaH , JyfH = yf F¯LfR , J
A
yfH
= yfQ¯LT
AfR ,
(A.1)
where TA are the SU(3)c generators and from now on we use the notation FL = {QL, LL} and
fR = {uR, dR, eR} for fields, while F = {q, l} and f = {u, d, e} are used for the corresponding
operator indices. Obviously, one can also have the conjugate currents: J˜
(2)
H = H˜|H|2, J˜2H =
D2µH˜, etc.
There are also vector currents made of SM bosons, like:
JµH = iH
† ↔DµH , JµWR = iH˜
† ↔DµH , JaµH = iH
†σa
↔
DµH ,
JµB = ∂νB
µν , JaµW = DνW
aµν , JAµG = DνG
Aµν ,
(A.2)
and made of SM fermions, like:
Jµff ′ = f¯Rγ
µf ′R , J
µ
F = F¯Lγ
µFL , J
aµ
F = F¯Lσ
aγµFL ,
JAµf = f¯RT
AγµfR , J
Aµ
Q = Q¯LT
AγµQL ,
(A.3)
as well as the lepto-quark currents:
JαQe = yeQ¯
α
LeR , J
α
Lu = yuL¯Lu
α
R , J
α
Ld = ydL¯Ld
α
R , (A.4)
where we write explicitly the color index α. Finally, we list fermionic currents made of SM
fields. They can be SU(2)L singlets:
JDf = i 6DfR , Jyf f¯R = {y†uH˜†QL , y†dH†QL , y†eH†LL} , (A.5)
doublets:
JDF = i 6DFL , Jyf F¯L = {yuH˜uR , ydHdR , yeHeR} , (A.6)
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or triplets:
Ja
H˜F
= {H˜†σaQL, H˜†σaLL} , JaHF = {H†σaQL, H†σaLL} . (A.7)
The previous list of SM currents is not complete but contains all the currents necessary to
build the current-current operators of our basis (defined in the main body of the paper), as
well as many of the redundant operators.
A.2 Current-current operators
The d = 6 current-current operators can in principle be generated from the tree-level ex-
change of heavy fields. We can then classify such operators by the quantum numbers of the
exchanged heavy fields. We present such classification below (giving explicit expressions for
those redundant operators that appear here for the first time.). Finding possible deformations
in SM couplings that can be assigned to particular current-current operators can offer crucial
information in identifying the heavy physics responsible for such effects.
◦ Scalar × scalar
The exchange of a heavy scalar singlet can lead (after integration by parts) to:
− JH2JH = 2OH . (A.8)
From a heavy scalar SU(2)L-doublet we get:
λJ
(2) †
H J
(2)
H = O6 , J (2) †H J2H + h.c. = −2(OH +Or) ,
JyuH J˜
(2)
H = Oyu , J†ydHJyeH = Oydye ,
(JyuH)
rrs(JyeH)
s = Oyuye , (JyuH)rrs(JydH)s = Oyuyd ,
(A.9)
and also:
J†2HJ2H =
∣∣D2µH∣∣2 ≡ OK4 ,
JyuH J˜2H = −yuDµ
(
Q¯LuR
)
DµH˜ ≡ −OuyH . (A.10)
If the heavy doublet is also charged under SU(3)c we can get:
(JαQe)
rrs(J
α
Lu)
s = O′yuye , (JAyuH)rrs(JAydH)s = O(8)yuyd , (A.11)
while, from a heavy scalar SU(2)L-triplet we would obtain:
JaHD
2JaH = −2OT − 4Or . (A.12)
◦ Vector × vector
From the exchange of a heavy singlet vector one can get:
JµHJH µ = −2OT , g′JµBJHµ = 2OB , JµuuJH µ = OuR ,
JµHJF µ = OFL , JµBJB µ = −2O2B , JµuuJuuµ = OuRR ,
JµuuJF µ = OuLR , JµFJF µ = OFLL , y†uydJWR µJµud = OudR ,
(A.13)
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as well as
g′JµBJuuµ = g
′(u¯RγµuR)(∂νBµν) ≡ OuBR ,
g′JµBJF µ = g
′(F¯LγµFL)(∂νBµν) ≡ OFBL . (A.14)
The exchange of a heavy SU(2)L-triplet vector can produce:
JaµH J
a
H µ = −2OH + 4Or , gJaW µJaµH = 2OW , JaµF JaH µ = O(3)FL ,
JaµW J
a
W µ = −2O2W , JaLµJaµL = OlLL , JaQµJaµQ = 4O(8)qLL +
2−Nc
Nc
OqLL ,
(A.15)
and
gJaµW J
a
F µ = g(F¯Lγ
µσaFL)(D
νW aµν) ≡ OFWL , (A.16)
while a heavy SU(3)c-octet vector could give:
JAuµJ
Aµ
u = (1/3) OuRR , JAQµJAµQ = O(8) qLL , JAQµJAµu = O(8)uLR . (A.17)
◦ Fermion × fermion
Finally, we list operators that can arise from integrating a heavy fermion. If the fermion
is a singlet:
J¯yuu¯Ri /DJDu = yuDµ(Q¯LH˜)γ
µγνDνuR ≡ OuyR ,
J¯yuu¯Ri /DJyuu¯R + h.c. =
1
2
|yu|2
[
−O˜(3)qL + O˜qL −O(3)qL +OqL
]
,
(A.18)
where
O˜(3)qL = i(Q¯Lσa
↔
6D QL)(H†σaH) ,
O˜qL = i(Q¯L
↔
6D QL)|H|2 , (A.19)
are redundant operators.
If the fermion integrated-out is a doublet, one can get:
J¯DQi /DJyuQ¯L = yuDµQ¯Lγ
µγνDν(H˜uR) ≡ OuyL ,
J¯yuQ¯Li /DJyuQ¯L + h.c. = |yu|2
[
−OuR + O˜uR
]
,
(A.20)
with the redundant operator:
O˜uR = i(u¯R
↔
6D uR)|H|2 . (A.21)
Finally, from integrating out a heavy fermion triplet, we can get:
J¯a
H˜F
i /DJa
H˜F
+ h.c. =
1
2
[
O˜(3)FL + 3O˜FL +O(3)FL + 3OFL
]
,
J¯aHF i /DJ
a
HF + h.c. =
1
2
[
−O˜(3)FL + 3O˜FL +O(3)FL − 3OFL
]
.
(A.22)
To describe the effect of a heavy fermion that is a color octet, one would need to gener-
alize the quark currents of Subsection A.1 by inserting SU(3)c generators. However, the
dimension-6 operators that result have been already found in Eqs. (A.18) and (A.20).
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A.3 Field redefinitions and redundant operators
Many d = 6 current-current operators are redundant: they can be removed from the La-
grangian by field redefinitions. We will show how field redefinitions can be used for that
purpose, focusing here on current-current operators not of the 4-fermion type.
Let us start first with bosonic operators. Consider the following transformations that
shift fields by some of the bosonic currents listed in Subsection A.1 (with the same quantum
numbers of the shifted fields):
H → H + α1J (2)H /Λ2 , H → H
(
1− α2m2/Λ2
)
+ α2J2H/Λ
2 ,
Bµ → Bµ + [g′αBJH µ + α2BJB µ]/Λ2 , W aµ → W aµ + [gαWJaH µ + α2WJaW µ]/Λ2 ,
GAµ → GAµ + α2GJAGµ/Λ2 , (A.23)
with αi arbitrary parameters (taken real). These transformations induce shifts in the d = 6
Wilson coefficients 14 of Eqs. (4) and (5) plus the redundant operator OK4 = |D2µH|2:
cH → cH + 2α1 + (4λα2 − αWg2)/g2∗ ,
cr → cr + 2α1 + (4λα2 + 2αWg2)/g2∗ ,
c6 → c6 − 4α1 ,
cT → cT − αBg′2/g2∗ ,
cB → cB − 2αB + α2B ,
cW → cW − 2αW + α2W ,
c2W → c2W + 2α2W ,
c2B → c2B + 2α2B ,
c2G → c2G + 2α2G ,
cK4 → cK4 − 2α2 . (A.24)
Notice that only operators of tree-level type are shifted. Using this shift freedom, we could
eliminate 7 out of the 10 operators {OH ,Or,O6,OT ,OB,OW ,O2W ,O2B,OK4,O2G} by choos-
ing appropriately the αi’s and leave only OH , OT and O6. As we discussed in Section 2,
however, it is convenient to keep the operators OW and OB in the basis, in which we could
also keep O2W , O2B and O2G. If we do not use 5 of these shifts to remove OW , OB, O2W ,
O2B and O2G, they can be used later on to remove 5 other operators involving fermions. We
will discuss such operators next.
Besides the bosonic redundant operators discussed above, there are redundant operators
that involve Higgs and fermion fields. For instance, we have the following first-class operators:
O˜FL = (iF¯L
↔
6D FL)|H|2 , O˜(3)FL = (iF¯Lσa
↔
6D FL)(H†σaH) , O˜fR = (if¯R
↔
6D fR)|H|2 , (A.25)
14Shifts of order m2/Λ2 induced on the renormalizable dimension-4 SM operators play no role. There are
also shifts in the coefficients of the operators made of fermions that we show below.
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as well as the second-class operators
OuyH = yuDµ(Q¯LuR)DµH˜ , OuyR = yuDµ(Q¯LH˜)γµγνDνuR ,
OuyL = yuDµQ¯LγµγνDν(H˜uR) , OuyLR = yu(DµQ¯L)γµγν(DνuR)H˜ , (A.26)
(and similar operators for down-type quarks and leptons). In addition, there are (second-class)
operators involving fermions and gauge bosons:
OFBL = g′(F¯LγµFL)∂νBµν , OfBR = g′(f¯RγµfR)∂νBµν , OFWL = g(F¯LσaγµFL)DνW aµν ,
OqGL = gs(Q¯LTAγµQL)DνGAµν , OfGR = gs(f¯RTAγµfR)DνGAµν . (A.27)
To see that the operators (A.25)-(A.27) can indeed be removed from the Lagrangian, consider
the following field redefinitions that involve fermions:
QL → QL(1 + g2∗αLJH/Λ2) + [g2∗α(3)L JaHσaQL + iαuyL 6DJyuQ¯L + yuαuyLRH˜JDuR
+iαdyL 6DJydQ¯L + ydαdyLRHJDdR ]/Λ2 ,
uR → uR(1 + g2∗αuRJH/Λ2) + iαuyR 6DJyuu¯R/Λ2 ,
dR → dR(1 + g2∗αdRJH/Λ2) + iαdyR 6DJydd¯R/Λ2 ,
Bµ → Bµ + g′[αBFLJFµ + αBfRJffµ]/Λ2 ,
W aµ → W aµ + gαWfLJaLµ/Λ2 ,
GAµ → GAµ + gs[αGFLJAFµ + αGfRJAfµ]/Λ2 ,
H˜ → H˜ + αHtJ†ytH/Λ2 ,
H → H + αHbJ†ybH/Λ2 , (A.28)
under which the Wilson coefficients shift as follows: For the Higgs-fermion operators of
Eq. (14), plus the straightforward generalization to the down-type fermions, and the up-down
mixed operator of Eq. (17), we get (for third-generation quarks):
cyt → cyt − α1 − 2
λ
g2∗
αHt − αtR − αL + α(3)L ,
cyb → cyb − α1 − 2
λ
g2∗
αHb − αbR − αL − α(3)L ,
cR → cR + |yt|
2
g2∗
αtyL +
g′2
2g2∗
(2Y tRαB + α
B
tR
) ,
cq3L → cq3L −
1
2
|yt|2
g2∗
αtyR +
g′2
2g2∗
(2Y qLαB + α
B
QL
) ,
c
(3)q3
L → c(3)q3L +
1
2
|yt|2
g2∗
αtyR +
g2
2g2∗
(αW + α
W
QL
) ,
ctbR → ctbR −
1
2
(αtyL + α
b
yL) . (A.29)
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The Higgs-fermion redundant operators of Eq. (A.25) can be eliminated by the shifts:
c˜tR → c˜tR + αtR −
|yt|2
g2∗
(αtyL + α
t
yLR) ,
c˜bR → c˜bR + αbR ,
c˜q3L → c˜q3L + αL −
1
2
|yt|2
g2∗
αtyR ,
c˜
(3)q3
L → c˜(3)q3L + α(3)L +
1
2
|yt|2
g2∗
αtyR , (A.30)
(where, from here on, we neglect |yb|2 and |yτ |2 contributions) while the redundant Higgs-
fermion operators of Eq. (A.26) can be eliminated by the shifts:
cfyH → cfyH + αHf + α2 ,
cfyR → cfyR + αfyR ,
cfyL → cfyL + αfyL ,
cfyLR → cfyLR + αfyLR . (A.31)
All the redundant gauge-fermion operators of Eq. (A.27) can be removed by the shifts:
cfBR → cfBR + Y fRα2B − αBfR ,
cFBL → cFBL + Y FL α2B − αBFL ,
cFWL → cFWL +
1
2
α2W − αWFL ,
cqGL,GR → cqGL,GR + α2G − αGqL,R . (A.32)
Finally, the coefficients of four-fermion operators will also be shifted but we will not need
such shifts and we do not list them.
Using all the shift freedom to remove these redundant operators we end up (say, for the
third family) with the following Higgs-fermion Wilson coefficients: yfcyf , c
f
R, c
F
L , c
(3)F
L and c
tb
R,
with f = t, b, τ and F = q, l, in agreement with the operators listed in Table 2 of Section 2.
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B Anomalous dimensions of d = 6 Wilson coefficients
In our analysis we are interested in potentially large radiative effects in the running of the
d = 6 Wilson coefficients ci from the scale Λ of new physics to the electroweak scale. To
study such effects we have computed the one-loop anomalous dimensions γci for the Wilson
coefficients, which are functions of the coefficients themselves, that is:
γci =
dci
d log µ
= γci(cj) , (B.1)
where µ is the renormalization scale.
When redundant operators are removed from the Lagrangian some care has to be taken
in computing anomalous dimensions of the operators left in the basis. The reason is that
redundant operators can be generated through RG evolution by operator mixing with non-
redundant operator. In other words, the γci ’s of redundant operators are not zero in general.
Let us explain how this effect can be taken care of in a simple way. Consider a basis formed
by a set of coefficients {ci}, after removing a set of redundant coefficients {cri}. The procedure
to remove the cri is straightforward and has been illustrated in the previous Appendix. One
starts from the shifts induced by field-redefinitions with arbitrary parameters αk, which have
the form
ci → c′i(αj) = ci +
∑
k
sikαk , c
r
i → cr ′i(αj) = cri +
∑
k
srikαk . (B.2)
Then the αk’s are chosen so as to remove the redundant operators,
cr ′i(α
∗
j ) = 0 ⇒ α∗j = −
∑
i
(sr)−1ji c
r
i . (B.3)
It is then convenient to define the following combinations
Ci ≡ c′i(α∗j ) = ci −
∑
kl
sik(s
r)−1kl c
r
l , (B.4)
which are invariant under the arbitrary shifts (B.2) and correspond to a more physical defi-
nition of the Wilson coefficients.
The anomalous dimensions of these shift-invariant Ci’s are simply
γCi = γci −
∑
kl
sik(s
r)−1kl γcrl = γi(ck; c
r
k) , (B.5)
where the last expression just indicates some function of the Wilson coefficients and we
distinguish in its argument between coefficients in the basis and coefficients of redundant
operators. The key property of this function is that it must depend on the Wilson coefficients
only through the shift-invariant combinations. That is, it satisfies
γi(ck; c
r
k) = γi(Ck; 0) . (B.6)
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This implies that setting crk = 0 in these γi(ck; c
r
k) functions is now a consistent procedure to
obtain the anomalous dimensions after removing redundant operators.15 An explicit example
of this is given at the end of Appendix B. We applied this procedure to calculate the anomalous
dimensions used in Section 5. In the next Subsections we will list the required shift-invariant
Ci combinations and present the γci ’s necessary to complete the calculation.
B.1 Shift-invariant combinations of Wilson coefficients
In order to simplify the expressions for the shift-invariant combinations Ci of Wilson coeffi-
cients, we present them first in a basis that treats as redundant the operators OB, OW , O2B,
O2W and O2G. We explain afterwards how to express these combinations in other bases, as
those that keep these operators. As we are not interested in this paper in calculating the
anomalous dimensions of 4-fermion operators, below we restrict our Ci’s to non-4-fermion
current-current operators. We find:
CH ≡ cH − cr − 3g
2
4g2∗
(2cW − c2W ) ,
CT ≡ cT − g
′2
4g2∗
(2cB − c2B) ,
C6 ≡ c6 + 2cr + g
2
g2∗
(2cW − c2W ) + 4 λ
g2∗
cK4 ,
Cyt = cyt +
1
2
cr + 2
λ
g2∗
(
ctyH + cK4
)
+ c˜tR + c˜
q3
L − c˜(3)q3L +
g2
4g2∗
(2cW − c2W )
+
|yt|2
g2∗
(ctyR + c
t
yL + c
t
yLR) ,
Cyb = cyb +
1
2
cr + 2
λ
g2∗
(
cbyH + cK4
)
+ c˜bR + c˜
q3
L + c˜
(3)q3
L +
g2
4g2∗
(2cW − c2W ) ,
Cyτ = cyτ +
1
2
cr + 2
λ
g2∗
(
cτyH + cK4
)
+ c˜τR + c˜
l3
L + c˜
(3)l3
L +
g2
4g2∗
(2cW − c2W ) ,
CtR = c
t
R −
|yt|2
g2∗
ctyL +
g′2
2g2∗
[Y tR(cB − c2B) + ctBR] ,
CbR = c
b
R +
g′2
2g2∗
[Y bR(cB − c2B) + cbBR] ,
CτR = c
τ
R +
g′2
2g2∗
[Y τR (cB − c2B) + cτBR] ,
Cq3L = c
q3
L +
1
2
|yt|2
g2∗
ctyR +
g′2
2g2∗
[Y qL (cB − c2B) + cq3BL] ,
C l3L = c
l3
L +
g′2
2g2∗
[Y lL(cB − c2B) + cl3BL] ,
15This is equivalent to the procedure described independently in [32].
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C
(3) q3
L = c
(3)q3
L −
1
2
|yt|2
g2∗
ctyR +
g2
4g2∗
(cW − c2W + 2cq3WL) ,
C
(3) l3
L = c
(3)l3
L +
g2
4g2∗
(cW − c2W + 2cl3WL) ,
CtbR = c
tb
R +
1
2
(ctyL + c
b
yL) . (B.7)
Out of the 59 independent operators for a single family, 20 are of one-loop type and 25
are 4-fermion tree-level operators. The remaining 14 are tree-level operators whose number
corresponds to the 14 physical Ci’s in (B.7).
Let us now discuss how these Ci’s would be modified in other basis. For example, if we
keep OB and OW in the basis instead of the leptonic operators OlL and O(3) lL , then one should
remove C lL and C
(3)l
L from the list of Ci’s. This is accomplished by making the replacements
cB → c2B − 1
Y lL
clBL −
2g2∗
Y lLg
′2 c
l
L ,
cW → c2W − 2clWL − 4
g2∗
g2
c
(3) l
L , (B.8)
in all the Ci’s (obtaining in particular C
l
L = C
(3) l
L = 0) and then add to the list the following
two new Ci’s:
CB = cB − c2B + 1
Y lL
clBL +
2g2∗
Y lLg
′2 c
l
L ,
CW = cW − c2W + 2clWL + 4
g2∗
g2
c
(3) l
L . (B.9)
The replacement in Eq. (B.8) introduces a dependence on γclBL , γclcL
, γclWL and γc(3)lL
in the
calculation of the anomalous dimensions of the Ci’s, but the only non-redundant coefficients
that appear in those anomalous dimensions depend on leptonic Yukawa couplings that we
neglect.
In a similar way, O2B, O2W and O2G can be kept in the basis instead of three 4-fermion
operators of the first family, e.g. OeRR, OlLL and O(8)dRR . In this basis c2B, c2W and c2G have
to be replaced by linear combinations of ceRR, c
l
LL and c
(8)d
RR in the Ci’s above. However,
this replacement has no impact on the anomalous dimensions of the Ci’s if we only keep
the coefficients of Eq. (53) and neglect small Yukawas. Indeed, it is simple to realize that
Eq. (53) can only renormalize c2B,2W,2G or c
e
RR, c
l
LL and c
(8)d
RR through lepton or down Yukawas,
which are terms we neglect in our RGEs. Therefore, whether we keep O2B,2W,2G or 4-fermion
operators, the RGEs given in the main body of the paper are unaffected.
B.2 Anomalous dimensions before removing redundant operators
To calculate the anomalous dimensions γCi ’s, following Eq. (B.5), we need to calculate the
anomalous dimensions of the Wilson coefficients entering in the Ci’s, including those that are
redundant.
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We have calculated these anomalous dimensions to linear order in the cj’s of Eq. (53),
the only exception being cr, which we keep for illustrative purposes here. Parametrically one
has γci ∼ g2j cj/16pi2 and we only keep g2j = {y2t , g2s , g2, g′2, λ}, dropping g2j = {y2b , y2τ , ...}. The
anomalous dimensions, calculated in Landau gauge, are:
γcH =
1
4pi2
{
Ncy
2
t [cyt + c
(3)
L ] + λ(7cH − cr) +
3
8
[
g2(cH + 2cr) + g
′2cr
]}
− 4γhcH , (B.10)
γcT =
1
16pi2
[
4Ncy
2
t (cR − cL) +
3
2
g′2(cH − cr)
]
− 4γhcT , (B.11)
γλc6 =
1
8pi2
{
54λ2c6 − 4Ncy4t cyt + 12λ2(3cH + 2cr)−
3
8
[
2g4 + (g2 + g′2)2
]
cr
}
− 6γhλc6 ,
(B.12)
1
yt
γytcyt =
1
16pi2
{
4λ
[
cR − cL + 3c(3)L + 6cyt
]
− g′2
[
cR + 4cL − 4c(3)L +
2
3
cyt
]
−3g2cR − 8g2scyt + 2y2t
[
4cLR + 4CF c
(8)
LR + cR − cL + c(3)L + 2cyt + cH
]}
−(3γh + γQL + γtR)cyt , (B.13)
1
yb
γybcyb =
1
8pi2
{
2λ[cL + 3c
(3)
L + 6cyb ] + y
2
t [2c
(3)
L − cyt ] +
(
1
6
g′2 − 4g2s
)
cyb
+
y2t
g2∗
[3g2 − 2y2t − 4λ]ctbR + g′2[cL + c(3)L ]−
y4t
g2∗
[
(2Nc + 1) cytyb + CF c
(8)
ytyb
]}
−(γQL + γbR + 3γh)cyb , (B.14)
1
yτ
γyτ cyτ =
1
16pi2
[
3
(
8λ− g′2) cyτ + 2Ncy2tg2∗ (λ− y2t )(2cytyτ + c′ytyτ )
]
−(γLL + γτR + 3γh)cyτ , (B.15)
γcR =
1
8pi2
{
y2t
[
NccLR − 2(Nc + 1)cRR + 2cR − cL + 1
4
(cH − cr)
]
− 3
4
(3g2 + g′2)cR
}
−2(γh + γtR)cR , (B.16)
γcL =
1
8pi2
{
y2t
[
−NccLR − 1
2
cR + cL − 3c(3)L −
1
8
(cH − cr) + (2Nc + 1)cLL + CF c(8)LL
]
−3
4
(3g2 + g′2)cL
}
− 2(γh + γQL)cL , (B.17)
γ
c
(3)
L
=
−1
8pi2
{
y2t
[
cL + c
(3)
L −
1
8
(cH − cr) + cLL + CF c(8)LL
]
+
3
4
(g2 + g′2)c(3)L
}
−2(γh + γQL)c(3)L (B.18)
γcr =
1
4pi2
{
Ncy
2
t
[
cyt − 2c(3)L
]
+ λ(cH + 5cr) +
3
8
[
(5g2 + g′2)cr − 2g2cH
]}
− 4γhcr ,
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1yt
γytcyH = −
g2∗
4pi2
[
cLR + CF c
(8)
LR
]
− (γh + γQL + γtR)cyH , (B.19)
1
yt
γytcyR =
g2∗
8pi2
[
cL − 3c(3)L
]
− (γh + γQL + γtR)cyR , (B.20)
1
yt
γytcyL = −
g2∗
8pi2
cR − (γh + γQL + γtR)cyL , (B.21)
1
yt
γytcyLR =
g2∗
16pi2
[
cR − cL + 3c(3)L
]
− (γh + γQL + γtR)cyLR , (B.22)
1
yb
γybcbyH =
1
16pi2
y2t
[
(2Nc + 1) cytyb + CF c
(8)
ytyb
]− (γh + γQL + γbR)cbyH , (B.23)
γcK4 =
y2t
4pi2
NccyH − 2γhcK4 , (B.24)
γc˜R =
y2t
16pi2
[
3cyt + cR +
1
2
(cH + 2cr)
]
− 2(γh + γtR)c˜R , (B.25)
γc˜L =
y2t
32pi2
[
3cyt − cL + 3c(3)L +
1
2
(cH + 2cr)
]
− 2(γh + γQL)c˜L , (B.26)
γ
c˜
(3)
L
=
y2t
32pi2
[
−cyt + cL + c(3)L −
1
2
cH
]
− 2(γh + γQL)c˜(3)L , (B.27)
γcW =
g2∗
48pi2
[
16Ncc
(3)
L − (cH + cT )
]
−
(
2γh + γW +
1
g
βg
)
cW , (B.28)
γcB =
g2∗
48pi2
[
8Nc
3
(2cR + cL)− (cH + 5cT )
]
− 2γhcB, (B.29)
γcBR =
g2∗
12pi2
{
1
3
[4(Nc + 1)cRR +NccLR] + cR
}
− 2γtRcBR, (B.30)
γcBL =
g2∗
12pi2
{
1
3
[
(2Nc + 1)cLL + CF c
(8)
LL +NccLR
]
+ 2cL
}
− 2γQLcBL, (B.31)
γcWL =
g2∗
12pi2
[
cLL + CF c
(8)
LL + c
(3)
L
]
−
(
2γQL + γW +
1
g
βg
)
cWL, (B.32)
where CF = (N
2
c − 1)/(2Nc), βg = dgd logµ and
γh =
1
16pi2
[
−Ncy2t +
3
4
(3g2 + g′2)
]
, γQL =
1
16pi2
[
−1
2
y2t
]
, γtR = −
y2t
16pi2
,
γW = −1
g
βg − 3
16pi2
g2 =
1
16pi2
g2
6
, (B.33)
are the wave-function renormalization terms. The corresponding wave-function terms for
leptons and bR (γLL , γτR and γbR) are proportional to small Yukawa couplings squared that we
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hh
fR
fR
=O˜fR = cH
h
h
fR
fR
+
cR
+
fR
fRh
h
yfcf
fR
fRh
h
+ · · ·
Figure 3: Diagrams that generate at one-loop the redundant operator O˜fR.
h
h
h
fL
fR
yfcyf
+ · · · +
h
h
h
fR
fL
yf
fR
O˜fR
Figure 4: Contributions to the process hhh→ f¯LfR at order 1/Λ2 , including
the one-loop corrections shown in Fig. 3.
are neglecting. Notice that in the above results we have included some dependence on Wilson
coefficients beyond those of Eq. (53) and cr. In particular, we have kept the contributions
from wave function renormalization (which are trivial to take into account) in all cases, and we
also kept the contributions from cT in γcW and γcB that were already calculated in [7]. These
anomalous dimensions have been calculated through the (divergent pieces of the) one-loop
effective action.
Using (B.10)-(B.32) we can calculate the anomalous dimensions γCi ’s for the shift-invariant
Wilson coefficients. These are given in Section 5. We have cross-checked those RGEs by cal-
culating them in an alternative way. We have looked at the one-loop radiative corrections
to some particular physical processes and required the corresponding amplitudes to be inde-
pendent of the renormalization scale. In order to find agreement between both methods, it
is crucial to include in the amplitude for the physical process non-1PI contributions. In the
effective action approach, such diagrams are in one-to-one correspondence with the redundant
operators being eliminated.
As an illustrative example of the previous point, consider the contribution of the redundant
operator O˜fR to the renormalization of Oyf . One-loop radiative corrections do generate O˜fR in
the one-loop effective action, as shown in Fig. 3, even if we remove O˜fR from the (tree-level)
Lagrangian. The physical combination Cyf [see Eq. (B.7)] depends on c˜
f
R and, therefore, the
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anomalous dimension γCyf also depends on γc˜fR
. The same result for γCyf can be obtained
by looking at the physical process hhh → f¯LfR. The 1/Λ2 diagrammatic contributions to
this process are shown in Fig. 4. Besides the tree-level contribution through cyf shown on
the left, there are one-loop corrections, among which we just show the ones related to the
redundant operator O˜fR. Having removed the redundant O˜fR from the basis, there is no tree-
level contribution from c˜fR to hhh→ f¯LfR and the divergences from the one-loop blob shown
in Fig. 4 have to be absorbed by cyf (µ) to obtain an amplitude that is independent of the
renormalization scale µ.
Finally, the reader can check, using the previous anomalous dimensions which include
the dependence on the redundant coefficient cr, that the anomalous dimensions of the shift
invariant combinations cH − cr, c6 + 2cr, cyt + cr/2, cyb + cr/2, plus all the other Wilson
coefficients, are functions of these same combinations, so that one can take cr = 0 in a
consistent way.
39
C Transformation properties of the d = 6 operators
under the custodial SU(2)L⊗SU(2)R symmetry
The d = 6 operators of the basis of Section 2 can be made invariant under the custodial
SU(2)L ⊗ SU(2)R by promoting their coefficients to (non-propagating) spurion fields trans-
forming under this symmetry. In this Appendix we present these transformation rules.
The bosonic sector of the SM Lagrangian can be made custodial invariant by promoting
the gauge coupling g′ to transform as a triplet under SU(2)R:
g′aσa → g′aRσaR† , (C.1)
whose nonzero VEVs, given by 〈g′a〉 = g′δa,3, define how the custodial symmetry is explicitly
broken by this coupling. For the Higgs field, that transforms as a (2L,2R), it is convenient to
use the matrix field
Σ =
1√
2
(
H˜ , H
)
, (C.2)
that transforms under the custodial group as Σ→ LΣR†, and therefore its covariant derivative
is given by DµΣ = ∂µΣ− igW aLµσaΣ/2 + ig′ aBµΣσa/2.
To write the Yukawa sector of the SM invariant under the custodial symmetry, we can
promote the Yukawa couplings to transform as a doublet under SU(2)R:
Yu → RYu , (C.3)
where 〈Yu〉 = (yu, 0)T , and similarly for the other Yukawas. The Yukawa term is then written
as
√
2Q¯LΣYuuR, where the SM fermions transform as singlets under SU(2)R. To define the
proper hypercharge assignment for the SM fermions, we have to enlarge the global group to
SU(2)L ⊗ SU(2)R ⊗ U(1)X and define the hypercharge as Y = T 3R +X. This means that the
U(1)Y is not only contained in SU(2)R but also in U(1)X and therefore g
′ has also a singlet
component under the custodial group.
Using the above definitions we can write the Lagrangian L6 as an invariant under SU(2)L⊗
SU(2)R. This requires to promote few of the coefficients to spurion fields transforming non-
trivially. The result is shown in Table 4. Only cT and cL,R transform non-trivially, being
then, together with g′ and the Yukawa couplings, the only sources of custodial breaking. This
information is useful to deduce what combinations of coefficients and couplings can contribute
at the one-loop level to a given anomalous dimension. For example, contributions to γcT can
only come from terms that transform as 5R: 〈g′ag′bcH〉 = g′ 2cHδa,3δb,3 and 〈Y †uσaYucbL,R〉 =
−y2ucL,Rδa,3δb,3, as the explicit calculation shows. In the same way it can be understood why
γcH depends on y
2
t c
(3)
L but not on y
2
t cL, being cH a singlet under the custodial symmetry.
Useful information can also be derived from the transformations under the parity PLR
that interchanges L↔ R. In the bosonic sector, we have
Σ ↔ Σ†
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g′ a
g′
Bµ ↔ W aLµ
g′ ↔ g
cH ↔ cH
cW ↔ cB
κHW ↔ κHB , (C.4)
while cT and κBB do not have a well-defined transformation property inside the operator
basis. For this reason it could be convenient to work with the operator OWB instead of OBB
[both related by Eq. (13)] that is even under PLR, and therefore κWB ↔ κWB.
For operators involving SM fermions, we have several possibilities for the transformation
properties under PLR, see [33]. The two simplest ones are to consider (for the up-type quark)
I) QR ≡ 1
yu
YuuR and QL (C.5)
that transform respectively as (1,2R)1/6 and (2L,1)1/6 under SU(2)L ⊗ SU(2)R ⊗U(1)X , or,
alternatively,
II) QL ≡ 1
yu
QL ⊗ Y †u and uR (C.6)
transforming as (2L,2R)2/3 and (1,1)2/3 respectively. For the first case, Eq. (C.5), we can
write the operators OR and O(3)L in the following way:
− icRtr[σaΣ†
↔
DµΣ]Q¯Rσaγ
µQR and ic
(3)
L tr[Σ
†σa
↔
DµΣ]Q¯Lσaγ
µQL , (C.7)
such that under PLR we can define QL ↔ QR and
I) cR ↔ c(3)L . (C.8)
For the second case, Eq. (C.6), we can write the operators OL and O(3)L as
icLtr[σaΣ
†↔DµΣ]tr[Q¯TLTσaγµQTL] and ic(3)L tr[Σ†σa
↔
DµΣ]tr[Q¯LσaγµQL] , (C.9)
and define QL ↔ QTLT under PLR that gives the transformation rule
II) cL ↔ −c(3)L . (C.10)
In this latter case, invariance under PLR implies cL + c
(3)
L = 0, and therefore no corrections to
the ZbLb¯L coupling.
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Operator Spurion SU(2)L ⊗ SU(2)R VEV
1
2c
a,b
T tr[σ
aΣ†
↔
DµΣ]tr[σ
bΣ†
↔
DµΣ] ca,bT (3R ⊗ 3R)s = 5R + 1 cT δa,3δb,3
1
2cH
(
∂µtr[Σ
†Σ]
)2
cH 1 cH
c6
(
tr[Σ†Σ]
)3
c6 1 c6
− i2cBg′atr[σaΣ†
↔
DµΣ]∂νB
µν cB 1 cB
i
2cW gtr[Σ
†σa
↔
DµΣ]DνW
µν
a cW 1 cW
cyutr[Σ
†Σ]
√
2Q¯LΣYuuR cyu 1 cyu
−icaRtr[σaΣ†
↔
DµΣ]f¯Rγ
µfR c
a
R 3R cRδ
a,3
−icaLtr[σaΣ†
↔
DµΣ]f¯Lγ
µfL c
a
L 3R cLδ
a,3
ic
(3)
L tr[Σ
†σa
↔
DµΣ]f¯Lσaγ
µfL c
(3)
L 1 c
(3)
L
−4icudR tr[ΣYdY †uDµΣ†]u¯RγµdR cudR 1 cudR
κBBg
′ag′atr[Σ†Σ]BµνBµν κBB 1 κBB
−iκHBg′atr[σaDµΣ†DνΣ]Bµν κHB 1 κHB
iκHW gtr[DµΣ
†σaDνΣ]W
µν
a κHW 1 κHW
κDB
√
2Q¯LΣYuσ
µνuRBµν κDB 1 κDB
κDW
√
2Q¯Lσ
aΣYuσ
µνuRW
a
µν κDW 1 κDW
κDG
√
2Q¯LΣYuT
AσµνuRG
A
µν κDG 1 κDG
Table 4: Transformation of the spurion Wilson coefficients of the d = 6 operators under the
custodial symmetry and their corresponding VEV. We are dropping fermion indices in the
coefficients.
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